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The success of high-rise industrial buildings housing light manufacturing processes is 
a hallmark of industrial developments in Singapore. This industrial building type is 
commonly known as the “flatted factory”, which represents a significant segment of 
the total industrial space in most countries in Asia. Frequently, they are developed in 
clusters, owned and managed by the landlord or his agent, and tenanted to various 
small to medium size enterprises for light manufacturing, product processing and 
warehousing activities. Common spaces, shared amenities and services are maintained 
and operated by the landlord. Benchmarking energy performance of this building type 
is a step towards energy efficient development among industrial buildings.  
 
In view of rising energy cost and growing environmental concern, this study is 
motivated by the need to establish energy performance benchmark or reference 
standards for industrial buildings in Singapore. It seeks to examine the main 
parameters that determine energy consumption of services systems managed by the 
industrial landlord and to recommend improvements for energy performance. 
 
This thesis describes the energy performance of industrial buildings in Singapore. The 
primary objectives are (1) To investigate factors affecting energy consumption of 
industrial buildings, consumption patterns and characteristics of industrial buildings; 
(2) To examine energy performance of industrial buildings at whole building level 
and at systems level; (3) To recommend & evaluate effectiveness of energy 
conservation measures to improve energy performance of industrial buildings. 
 
 ix
Site visits are conducted to understand the cohort of industrial buildings. Building 
information is collected through data acquisition templates, energy bill and interviews 
with building managers. In developing energy benchmarks, buildings bearing special 
characteristics were removed and necessary corrections made. Rigorous statistical 
studies are undertaken to identify main parameters affecting energy consumption as 
well as the key normalization factor. At whole building level, three types of energy 
benchmarks based on 58 naturally ventilated flatted factory buildings are developed. 
Comparisons are then made between these three energy benchmarking methods. 
 
Indepth field measurements, short-term energy monitoring of building services 
systems, user perception survey, and expert walkthroughs are conducted in twelve 
industrial buildings, well-spread across three energy efficiency classes, to examine 
energy performance at building systems’ level. 
 
The main findings of this study are: 
 
Firstly, this study demonstrates that the energy performance of landlord space in 
industrial flatted factory building is strongly related to its gross floor area and volume 
of landlord space. 
 
Secondly, through the energy studies performed at systems level, it was found that 
lighting and vertical transportation systems dominate the whole building energy 
consumption in naturally ventilated industrial buildings. Objective and subjective 
measurements of the systems revealed that lower illuminance in lift lobbies, stairways 
 x
and corridors is experienced across three energy classes. This phenomenon can be 
attributed to insufficient holistic building design consideration at design stage and 
provision for occupant requirements. 
 
Thirdly, energy conservation techniques proposed can improve building performance 
and energy efficiency to a certain extent while issues related to building design cannot 
be eradicated completely. This highlights the importance of a well-integrated design 
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Energy efficiency generally refers to the amount of energy used to produce one unit of 
economic activity, for example, to meet the energy requirements for a given level of 
comfort or the energy used per unit of gross domestic product (GDP) or value added.  
 
Energy efficiency improvements refer to a reduction in the energy used for a given 
energy service or level of activity. In buildings, such energy service can include 
cooling, heating, lighting and ventilation systems. This reduction in the energy 
consumption is not necessarily associated with technical changes as it may also result 
from better operation and management practices. Technological, behavioural and 
economic changes can have an impact on energy efficiency.  
 
In some cases, because of financial constraints due to high energy prices, building 
managers and owners may reduce energy consumption through a compromise in 
welfare or production level. Such reductions do not necessarily result in increased 
overall energy efficiency of the economy, and are highly reversible.  
 
With the emergence of global cities and increased economic activities, people spend 
most of their time indoors with some estimates asserting that humans spend more than 
90% of their lives in indoor environments. In Singapore, the drive towards an 
excellent global city, coupled with rising energy costs, it is especially important that 
attention should be devoted to how energy efficiency may be achieved without 
compromising environmental quality. Although the scope for improvements in 





efficiency in existing buildings is more limited than in new buildings, there are many 
opportunities for cost-effective investment, either stand-alone measures or as part of 
other replacement or refurbishment plans.  
 
1.1 Motivations of Research  
Achievement of enhanced energy efficiency is a major thrust of the recent national 
economy drive. It is also a movement which contributes towards environmental 
excellence and national energy security. In the light of rising cost of energy as a result 
of the global depletion of natural resources, interest in energy efficiency of buildings 
in Singapore has grown. Singapore is totally dependent on imported fossil fuels to 
power its economy. To date, there are no renewable energy sources that Singapore 
can harness to reduce its reliance on fossil fuels. The only known source of renewable 
energy with some potential for use is solar energy. It is therefore critical that the 
energy efficiency enhancement is exploited to its maximum. 
 
Energy consumption in Singapore can be attributed to three main sectors, namely 
industries (29%), residential and commercial buildings (34%), and transport (37%) 
(NEEC, 2006). The industrial sector alone consumes approximately almost one-third 
of the energy use in Singapore. The energy is used for process as well as non-process 
loads. The characteristics and contribution of building services (non-process) loads 
towards the industrial sector is unknown.  
 
The success of high-rise industrial buildings housing light manufacturing processes is 
a hallmark of industrial developments in Singapore. This approach is now widely 
adopted by many Asian cities including China and India. This industrial building type 





is commonly known as the “flatted factory”. They are high-rise ready built multi-
tenanted factories (typically 7-storeys high) designed for light industries. Frequently, 
they are developed in clusters owned and managed by the landlord or his agent, and 
tenanted to various small to medium size enterprises for light manufacturing, product 
processing and warehousing activities. Common spaces, shared amenities and 
services are maintained and operated by the landlord. Benchmarking energy 
performance of this building type is a step towards energy efficient development 
among industrial buildings.  
 
Extensive work around the world has been carried out to study the energy 
performance of office or commercial buildings (Sharp, 1996; Chung, Hui and Lam, 
2005; Birtles and Grigg, 1997; Kinney and Piette, 2002). Energy studies on hotel 
buildings are also well-documented (Zmeureanu et al, 1994; Lam and Chan, 1994; 
Santamouris et al, 1996). With respect to industrial buildings, energy benchmarking 
studies conducted in the temperate region frequently focus on establishing process 
energy benchmarks by stage of production in the various industry sectors (Industry, 
Science and Resources, 2000; Natural Resources Canada, 2002; Phylipsen et al, 
2000), rather than examining the efficiency of the industrial building itself. Energy 
benchmark data on non-process energy use are not widely available in the literature. 
Compared to the non-process energy use in industrial buildings, energy consumption 
for industrial processes has been far better researched and documented (Brown et al, 
1985; Chiogioji, 1979; Hu, 1983; Bodine and Vitullo, 1980; Meckler, 1984). Energy 
use in building services systems is generally more responsive to weather and occupant 
schedules than the traditional base-load industrial process energy (Akbari and Sezgen, 
1992). In the case of flatted factories, the common spaces and amenities may be 





considered a major resource base similar to that of an industrial process or support 
services. It therefore requires careful study and benchmarking. 
 
In the local scene, energy studies have been conducted to investigate the energy 
performance of office and hotel buildings as well. One of these includes a local 
energy survey carried out by Singapore Public Utilities Board in 1990 from end 1988 
to end 1989 on 45 commercial buildings. In a recent study, Lee et al (2000) 
investigated 104 office buildings and developed a classification system to profile 
energy performance of office buildings in different performance levels. Chia (2004) 
reported the energy performance of five-star business hotels in Singapore, based on a 
survey sample of six hotels. In the area of flatted factory buildings and with particular 
reference to the tropical context, there is no in-depth energy study conducted to date. 
 
Presently, no in-depth energy study has been carried out in the tropics which would be 
applicable to industrial buildings in Singapore. The lack of such relevant studies is 
clearly demonstrated in this section as well as in the literature as reviewed in the 
following chapter.  As such, it is the aim of this study to address the energy use in the 
building services of industrial buildings by closely examining and analyzing energy 
use on a whole building level as well as in more details at building systems level. 
 
 
1.2 Significance of Study 
Benchmarking of energy performance is a strategic corner stone paving the way 
towards setting realistic targets for energy efficiency and identifying saving 
opportunities. As the largest national industrial property owner, benchmarking may 





lead to significant saving without compromising properties’ function and 
performance. Energy benchmarking has been effectively and extensively used 
internationally for comparing the energy use of offices, schools and other commercial 
facilities, most notably in the EnergyStar™ program. In Singapore, Lee (2000) has 
successfully established a national energy benchmarking system for commercial 
buildings and is now developing energy benchmarks for other building types such as 
hotel buildings. However, there have been limited international and local efforts thus 
far to benchmark the energy use of non-process load of industrial buildings.  
 
The absence of an existing benchmarking system means that there is no yard stick to 
measure and understand an existing building’s energy performance. In view of the 
existing consumption, and the fact that the long term energy cost is in an upward 
trend, the need to enhance energy efficiency by providing the necessary knowledge 
base is urgently needed.  
 
Some benefits of the study include: 
 
a. An energy benchmarking system for industrial buildings will allow building 
owners and managers to: 
 Know the range of performance there is and the positioning of his/her 
own building. 
 Set good, achievable and efficient target for the design of future 
buildings. 





 Set efficient and achievable target for management of existing 
buildings. This would result in significant saving for major 
developer/owner. 
 Know the energy performance of existing buildings and target major 
inefficient buildings for upgrading. 
 
b. Providing indicative information on the energy performance (whole building 
& systems level) of industrial buildings 
 
c. Providing indicative information on the occupant satisfaction level in the 
various classes of industrial buildings. 
 
d. Developing building services system performance metrics 
 
e. Providing preliminary guiding principles in the design of future industrial 
buildings.  
 
1.3 Research Objectives 
This thesis seeks to examine and document the main parameters that determine the 
energy consumption of services systems managed by industrial landlords and to 
recommend improvements of the energy performance. The major objectives of the 
research are:  
 





a. To investigate factors affecting landlord’s energy consumption of 
industrial buildings, and the consumption patterns and characteristics of 
industrial buildings. 
 
b. To examine the energy performance of industrial buildings at whole 
building level and at systems level. 
 
c. To recommend & evaluate the effectiveness of energy conservation 
measures to improve the energy performance of industrial buildings. 
 
1.4 Scope of Study  
Energy-use intensities (EUI) benchmarking at whole building level provides a quick 
and cost-effective measure of the energy performance of a building relative to its 
peers. Energy use data as well as building-related information that will be collected 
will be subject to statistical analysis to obtain the basic statistics of mean, standard 
deviations and frequencies, as well as correlation among various energy parameters. 
This would shed light on the key factors influencing the energy consumption in 
industrial buildings. The normalization factor that will be established as well as 
necessary correction factors will enhance the accuracy of the benchmarking system to 
be formed in this study. The benchmarking system will be further tested for reliability 
through advanced mathematics and clustering techniques.  
 
Investigating the building at systems level adds valuable information to understanding 
the whole-building performance. As the studies at the macro level may mask much of 
the detailed information that can be learned from a more detailed investigation of 





energy use data, the micro-level studies seeks to address this gap so a holistic and 
more accurate picture of the energy performance of the industrial buildings can be 
achieved. Through the benchmarking system established at the macro level, industrial 
buildings of various classes of energy performance will be identified for detailed 
subjective and objective evaluation. A subjective evaluation of the energy 
performance of various building systems by the occupants will be obtained by means 
of a user perception survey. An objective procurement of data relating to the building 
systems will be acquired through comprehensive short-term energy monitoring and 
field measurements. Based on the results and diagnosis of micro studies, an attempt to 
identify and evaluate the retrofit strategies for improving the energy efficiency of the 
industrial buildings will be made, through simulation and life cycle & cost analyses. 
 
1.5 Structure of Thesis 
Following the executive summary, this chapter highlights the importance of energy 
efficiency and the significance for undertaking this research study for industrial 
buildings. The background and motivations of the project are stated, and described 
with respect to related international work and the importance to the Tropics, 
Singapore and Singapore’s largest industrial landlord in particular. The project 
objectives are also given. 
 
Chapter 2 discusses issues pertaining to energy performance of industrial buildings. A 
review of the factors affecting energy performance as well as relevant programs and 
research around the globe is presented. The challenges and motivations towards 
achieving good energy performance are examined.  
 





Chapter 3 outlines the research methodology and research design. It starts out with 
the research definition, followed by the research framework, as well as the 
methodology development. The methodology undertaken for energy performance at 
whole building level and system level is summarized in two flowcharts. 
 
Chapter 4 deals with the development of energy benchmarks for industrial buildings. 
It starts off with a brief note on the purpose of benchmarking followed by a review of 
the types of benchmarking methods. The methodology undertaken for the 
development of energy benchmark is detailed. Following that, the most appropriate 
normalisation factor is identified for the computation of the energy use index (EUI). 
In this chapter, the reliability of the benchmark developed and comparison among 
three energy benchmarking methods are also presented.  
 
Chapter 5 presents the results of the building services system evaluation of twelve 
selected flatted factory building spread across three classes. The specific energy 
consumption of the buildings arising from short-term energy monitoring for lighting 
and vertical transportation purposes, as well as other usage is reported. The results 
from objective and subjective analyses of the building systems are discussed. 
Objective measurements will be compared with the international and local code of 
practice. Subjective data will be assessed through statistical means. The reconciliation 
of the findings of the subjective and objective analysis is also presented in this 
chapter.  
 
Chapter 6 presents the assessment of the potential and the limitations of various 
proposed energy conservation measures and techniques for energy efficiency 





improvement which target mainly on the lighting system which is found to be the 
main energy consumer. These recommendations are evaluated using simulation 
studies as well as life cycle and cost analyses.  
 
Chapter 7 contains a review and achievement of research objectives specified in 
Chapter 1.  This is followed by a summary of the specific recommendations and 
strategies as appropriate design and equipment selection of industrial buildings, 
arising from this research study, that can either be implemented individually or in 
conjunction with each other. This study is then concluded with recommendations for 
























Multi-tenanted flatted factory buildings catering to the needs of light and mixed 
industrial use found in Singapore are unique to the region. Literature pertaining to the 
energy performance of such kind of buildings is limited and much less documented. 
Most energy studies related to industrial buildings focused on process load rather than 
examining the energy consumption needed to upkeep building services. As such, for 
this study, it is far more appropriate and relevant to examine the methodologies that 
have been used for benchmarking energy performance of commercial buildings where 
energy is consumed by the building services systems.  
 
Before presenting the various building energy benchmarking methodologies, a review 
of energy studies that look into the energy performance of process load in industrial 
buildings is given in the following sections.  
 
2.2 Past studies on energy performance of industrial buildings 
 
With respect to industrial buildings, energy benchmarking studies conducted in the 
temperate region frequently focus on establishing process energy benchmarks by 
stage of production in the various industry sectors (Industry, Science and Resources, 





2000; Natural Resources Canada, 2002; Phylipsen et al, 2000), rather than examining 
the efficiency of the industrial building itself. The Natural Resources Canada’s Office 
of Energy Efficiency (NRCan OEE) and the Canadian Textiles Institute has jointly 
commissioned a study examining energy benchmarking and best practices in the ‘wet 
processing’ sub-sector of the Canadian textiles industry.  
 
EPA Energy Star Industrial Energy Performance Indicator (EPI) uses annual 
industrial plant level data to form a stochastic frontier regression curve of energy use 
per unit of economic output. The average plant’s energy intensity is equivalent to the 
50th percentile value of the regression, while a best-practice plant’s energy intensity 
is equivalent to the 75th percentile value of the regression. This is otherwise known as 
the equal frequency rating. Boyd has adopted this method to breweries and motor 
vehicle assembly plants (Boyd, 2003) and used plant data provided by automobile 
manufacturers. Hicks and Dutrow (2001) used EPA Energy Star Industrial Energy 
Performance Indicator (EPI) to quantify average and best-practice for the milk and 
malt beverage industries, using data from the Major Industrial Plant Database 
(MIPD). 
Brown et al (1985) developed a comprehensive reference ever developed for 
identifying quantity and quality of industrial waste energy which maybe economically 
practical to recover. The metrics presented in the book is used to benchmark industrial 
energy systems for varying industrial operations spanning the food products, textile, 
lumber and wood, paper, chemical, petroleum, rubber and plastics, glass, metals, 
machinery, transportation equipment, and instrument manufacturing industries. 
 
 





Energy benchmark data on non-process energy use are not widely available in the 
literature. Compared to the non-process energy use in industrial buildings, energy 
consumption for industrial processes has been far better researched and documented 
(Brown et al, 1985; Chiogioji, 1979; Hu, 1983; Bodine and Vitullo, 1980; Meckler, 
1984). Energy use in building services systems is generally more responsive to 
weather and occupant schedules than the traditional base-load industrial process 
energy (Akbari and Sezgen, 1992). EPI’s industrial energy intensity indicators are 
calculated by taking the annual plant-wide energy use divided by annual production. 
This method does not disaggregate types of plant energy use. Non-production facility 
energy use and space-conditioning energy use are confounded with production energy 
use. There is uncertainty whether an EPI best practice facility is exhibiting best-
practice production, facility or space-conditioning energy use. Limited literature was 
devoted to the energy use of building services systems in industrial buildings. In the 
case of flatted factories, the common spaces and amenities may be considered a major 
resource base similar to that of an industrial process or support services. It therefore 
requires careful study and benchmarking. 
 
2.3 A review on energy benchmarking methodologies 
2.3.1 Purpose of benchmarking  
Energy benchmarking is an activity whereby building owners or managers compare 
their building’s performance to a standard or average. It allows building owners or 
managers to evaluate the energy performance of one’s buildings in terms of energy 
performance by using his peers, competitors or national performance as a yardstick. 
These energy benchmarks will help to determine if a particular building is a good 





candidate for energy efficiency improvements. By setting targets for improvements, 
building owners and managers can incorporate best practices that can increase a 
building’s energy performance (Camp, 1989). 
 
2.3.2 Types of benchmarking methods  
The most commonly used energy benchmark is the simplified EUI accounts for only 
one building feature that affects energy consumption: building floor area. It has been 
widely used in energy analysis and as an energy benchmark for commercial buildings 
(Eto, 1990) and these EUIs are usually expressed in units of Btu/sqft or kWh/sqm. 
The EUI is the energy consumption normalized by a common denominator, in this 
case the building floor area, which directly influences energy performance to enable 
comparisons among similar buildings.   
 
There are numerous methods energy use benchmarking. Sartor et al. (2000) pointed 
out benchmarking techniques can also be categorized into four types of benchmarking 
techniques, namely (1) Statistical Analysis Benchmarking, (2) Points-Based Rating 
Systems, (3) Simulation Model-Based Benchmarking, and (4) Hierarchal and End-
Use Metrics. The benchmarking technique is essentially determined by which 
benchmarking data are available. 
 
In Statistical Analysis benchmarking, statistics for a population of similar buildings 
are used to generate a benchmark against which a building’s energy use intensity 
(EUI) is compared. This method requires large data sets to produce a reasonably sized 
sample of comparison buildings. To take into consideration the effect of other features 





that may affect energy consumption, statistical analysis benchmarking has been used 
to develop benchmarks that correlate other features with energy use (Birtles, 1997; 
Sharp, 1996). In this method, instead of assuming building floor area to be the 
primary determinant in developing the EUI, step-wise least squares linear regression 
is conducted to identify the possible key determinants of energy use. Sharp’s method 
is based on an analysis of the 1992 Commercial Buildings Energy Consumption 
Survey (CBECS) (EIA, 1995). Statistically-based benchmarking techniques using 
whole building data are effective for flatted factory buildings benchmarking because 
of the availability of a reasonably large sample size and that the building designs are 
highly standardized and rationalized in nature.  
 
Points-Based Rating Systems, including the U.S. Green Building Council's 
Leadership in Energy and Environmental Design (LEED) Rating System provide 
standards and guidelines to measure how efficient and environmentally friendly a 
facility is and compared it to best-practice standards. A LEED score is made up of 
credits assigned for satisfying different criteria including energy efficiency and other 
environmental factors.  One of the disadvantages of such rating system is that it does 
not facilitate comparisons to be made against other buildings. Moreover, such 
assessment methods are developed to explicitly address broader environmental issues 
with little or no reference to building performance concerns (Cole, 1998). The 
assessment criteria are based primarily on public commissioning guidelines and 
building codes, hence LEEDs is a tool more appropriate for evaluating new building 
designs rather than for on-going benchmarking and performance tracking purposes 
(Sartor et al, 2000). The LEED Rating System would need to be largely modified for 
optimal application in flatted factory buildings.  






The Hierarchical and End-Use Metrics benchmarking method takes into account more 
of the differences in features affecting energy use. Although an extensive amount of 
data is required, the end-product is a benchmark that links energy use to climate and 
functional requirements. There are three levels of data required and some of these 
include annual whole-building metrics, how the space is used, hours of use, 
equipment type and vintage, plus process and plug load description. Utility bills and 
weather data are also collected to examine the weather sensitivity of the building 
(Sartor et al, 2000). This method is less suitable for benchmarking the energy 
performance of naturally ventilated flatted factory buildings that are not weather-
sensitive. Also, the type of data required to develop this benchmark is not readily 
available.  
 
Simulation model-based benchmarking calculates benchmarks based on an idealized 
model of building or equipment and system performance, such as DOE-2. One 
obvious advantage is that models can be adjusted easily to account for a wide range of 
factors that can explain variation in energy use. They can also be used to generate 
targets and compare design alternatives. A disadvantage is that they are nevertheless, 
simulation models, and benchmarks based on models may not be well calibrated to 
the actual buildings stock data. This benchmarking method is useful when comparison 
needs to be made between less standardized buildings and when there is no public 
domain data set for benchmarking like CBECS (Sartor et al, 2000). In the case of 
flatted factory buildings are similar in nature and thus, there is no need to employ the 
simulation model-based benchmarking approach.  
 





Clustering is a multivariate analysis technique widely adopted in the areas of data 
analysis, pattern recognition, and image segmentation. By examining the underlying 
structure of a dataset, cluster analysis aims to class data into a certain number of 
"natural" subsets where the elements of each set are as similar as possible to each 
other and as different as possible from those of the other sets (Höppner et al, 1999). 
Fuzzy clustering techniques for building energy classification have been used and 
applied (Chiu, 1994) with the aim of producing a concise representation of the energy 
characteristics of buildings.  Santamouris (2006) has demonstrated that the application 
of intelligent clustering techniques for the energy classification of buildings may be 
performed for data sets following other than normal distributions and provide 
important advantages compared to the equal frequency rating benchmarking 
technique (percentile-based) usually employed to classify buildings following a 
normal distribution.  
 
An energy analysis activity that is related to benchmarking is baselining. The key 
difference between benchmarking and baselining is that benchmarking involves a 
comparison of energy performance with a group of similar buildings while baselining 
is a comparison of past energy performance of a single building with its current 
energy performance. The ultimate goal of baseline model is to predict energy use in 
the post retrofit period where the actual energy use could not be ascertained. The most 
common methods of baselining are similar to the methods described above for 
benchmarking. Statistical methods are typically used to correlate weather variables 
and other important non-weather related variables of a single building with building 
energy use. Such kinds of baselining work are described by Reddy et al. (1997) and 
Sonderegger (1998). 






In this study, three types of energy benchmarks for naturally ventilated flatted factory 
buildings are developed. The first benchmark is the typical EUI where customary 
normalization by building floor area is conducted. The second benchmark is based on 
statistical analysis benchmarking (Sharp, 1996) which identifies and accounts for 
other possible important drivers of energy use, beyond the building floor area. The 
third energy benchmarking technique used is based on fuzzy clustering. A comparison 
is then made between performances of these three energy benchmarking methods. 
 
2.4 The need to benchmark flatted factory buildings 
Benchmarking of energy performance is a strategic corner stone paving the way 
towards setting realistic targets for energy efficiency and identifying saving 
opportunities. As the largest national industrial property owner, benchmarking will 
lead to significant real saving without compromising properties’ function and 
performance. Energy benchmarking has been effectively and extensively used 
internationally for comparing the energy use of offices, schools and other commercial 
facilities, most notably in the EnergyStar™ program. In Singapore, Lee (2000) has 
successfully established a national energy benchmarking system for commercial 
buildings and is now developing energy benchmarks for other building types such as 
hotel buildings (Lee, 2000). However, there have been limited international and local 
efforts thus far to benchmark the energy use of non-process load of industrial 
buildings. An accurate and reliable energy benchmark and database for energy 
performance will allow the industrial landlord to set realistic targets and energy 
budget for new building design and development. Also, this benchmark will aid in 





gauging tell how good or poor the flatted buildings are in terms of energy use which 
will then facilitate the industrial landlord to identify and prioritize buildings for 
significant energy performance upgrading and retrofitting. 
 
2.5 Summary 
A review of energy studies related to industrial buildings indicated that majority of 
the work done focused mainly on the industrial process load while some studies 
looked at process load and non-process load as a whole without a distinction between 
the two. This chapter has also traced the various methodologies of energy 
benchmarking used.   
 
The literature review revealed that there is limited number of studies investigating the 
energy use needed to maintain the industrial facility. This is so because multi-tenanted 
flatted factory buildings are peculiar to the region. Thus, a study conducted to 
examine the energy use of non-process load of industrial facility in Singapore will 
prove meaningful and useful.  
 










There is no single best approach for developing an evaluation system for assessing 
energy performance of buildings. Energy performance evaluation is a highly 
complicated issue, involving many direct and indirect parameters such as building 
design, building systems, occupant behaviour, operation, maintenance, regulation and 
standards as well as climate changes. An integrative and holistic approach is needed 
to accurately determine the energy performance of a building which is influenced by 
the interactions of many elements and processes within the building and its immediate 
external environment. The energy performance of the industrial buildings will be 
assessed from the macro (whole building) and micro (system level) perspectives to 
ensure a more thorough and accurate evaluation of the energy performance. Primary 
and secondary data pertaining to the multi-faceted nature of energy performance, 
including both the subjective and objective types, will be sourced through various 
information channels. This will ensure that a more wholesome assessment of the 
energy performance of industrial building is achieved, thereby allowing more accurate 
remedial actions to be taken. This chapter discusses an integrated and comprehensive 
methodology for the research.  
 
3.1 Research Framework  
The research framework developed for this study consists of following four major 
components. 
 





a) Identifying the research issue, defining the research objectives and scope of 
work 
b) Developing an integrated methodology  
c) Collecting and validating accuracy of information 
d) Analyzing and transforming data to develop energy performance models  
 
3.2 Research Definition 
Since most work in the local scene focuses on commercial buildings and hotel 
buildings while international studies tend to emphasize on establishing process energy 
benchmarks by stage of production in the various industry sectors (as discussed in 
Section 1.1), it became clear that industrial buildings with large sample size ought to 
be the focus of this research project. The benefits mentioned below may be realized 
for industrial buildings when an accurately developed and statistically reliable 
benchmark and benchmarking database have been developed.  
 
a. Setting of targets and energy budget for new building design and 
development. 
 
b. Cutting wastage and over design which has significant impact on capital, 
operating and replacement cost of building and services systems. 
 
c. Develop best practices for energy efficiency related design issues 
including both indoor and outdoor air quality and ventilation design, 
lighting design and lifts and escalators selection and usage.  
 





d. Assist owners in setting management targets of existing buildings. 
 
e. Select and prioritize building for upgrading and retrofitting for energy and 
cost benefits. 
 
f. Assist Energy Services Companies in their sales by providing validated 
independent benchmarks and data. 
 
The development of an energy performance benchmark for Singapore will set 
Singapore apart from the regional block in terms of energy services sector 
development. It will create a knowledge base that is not available in the entire Asia 
region, with the exception of Japan. The identification and verification of the energy 
performance indicators for the benchmark is a significant contribution to new 
knowledge.   
 
Owing to the wide range of activities, products, processes and services hosted by 
industrial buildings, this study will focus its research and analysis on energy 
performance of industrial building with respect to the owner or landlord side of the 
consumption and usage. This consumption excludes process energy loads. The study 
will focus on the following: 
 
a. Building energy efficiency with respect to design efficiency. 
b. Energy consumption of services systems managed by the landlord. 
c. Energy efficiency and performance of important and common processes.  
 





3.3 Development of Research Methodology  
Having identified the research issues and the research objectives established, an 
integrated research methodology undertaken in this study is developed. As mentioned 
in Section 1.5 of Chapter 1, the industrial buildings will be examined at both whole 
building level and systems level to achieve a complete picture of the energy 
performance. The following sections present the research methodology employed at 
whole building level (macro level) as well as systems level (micro level). Also, the 
methods of data collection as well as the data analysis techniques pertaining to whole 
building level and systems level are separately elaborated. 
 
3.4 Whole Building Approach 
At a macro level, the assessment of energy performance of an industrial building may 
be based on consumption data for the assessed building, compared to benchmarks 
evaluated from a statistical analysis of the actual consumption data of a large number 
of similar existing buildings (Filippin, 2000; Sharp, 1996). This provides a useful 
starting point for detailed energy study at systems level of the targeted buildings for 
energy-saving measures. To be able to facilitate the comparison of an industrial 
building’s energy performance against others of the similar type, there must be a 
common denominator which directly influences their energy performance that must 
be determined. The methodology undertaken for macro-level approach is presented in 
Figure 3.1 and further elaborated in the subsequent sections.  
Figure 3.1: Integrated methodology for macro-level approach (whole building 
level) 










3.4.1 Review of Various Benchmarking Methods 
Before conducting an energy benchmarking study, it is essential that the existing 
methods of energy benchmarking are first reviewed. The most widely used energy 
benchmark is the simplified energy use intensity (EUI) accounts for only one building 
feature that affects energy consumption and that is the building floor area. Other 
benchmarking methods developed include Statistical Analysis Benchmarking, Points-
Based Rating Systems, Simulation Model-Based Benchmarking, Hierarchal & End-
Use Metrics and Fuzzy Clustering Techniques. This process has been undertaken and 
reported in Chapter 2 of this thesis. 
3.4.2 Research Sample 
There are essentially four industrial property types in Singapore. There are the Flatted 
factory, Standard factory, Stack-up factories and Workshops. It is only meaningful to 
develop energy benchmarks when there is a large sample size. As such, the flatted 
factory building type was chosen as the research sample due to its large sample size.  
 
The 58 representative high-rise flatted factories studied are sampled from 35 
industrial estates spread across Singapore. These flatted factories are restricted for 
light industry usage only. Examples of clean and light industries include (1) software 
design and development (2) manufacture of paper products without printing activities 
(3) manufacture of garment and apparels (except footwear) without dyeing and / or 
bleaching operations and (4) printing and publishing. These factories are designed to 
integrate marketing, management, production, storage and other industrial activities. 
They are served by cargo/passenger lifts and loading bays. One important point to 
note is that these flatted factory buildings are naturally ventilated, with no cooling 





systems for the landlord’s area. The landlords’ energy consumption typically covers 
the artificial lighting for the common area not within any tenant’s premises, vertical 
transportation system, mechanical ventilation systems, pumps and water tanks 
operation, emergency services and installations, cleaning and other functions in the 
common area, as well as carpark consumption. 
3.4.3 Sampling Method 
Random sampling method was employed and a total of 77 questionnaires were sent 
out to the various facility personnel inviting participation for the study. 77% response 
rate was achieved with 59 building managements responding to the survey. The 
flatted factories studied have average design efficiency (gross lettable area (GLA) to 
gross floor area ratio) of 71% with a 95% confidence interval of +/- 2.1%. The Gross 
Floor Area (GFA) is defined as the covered floor space (whether within or outside a 
building and whether or not enclosed) measured between party walls including 
thickness of external walls and any open area used for commercial purposes. The 
results show that this group of buildings is highly rationalized and standardized in 
terms of architectural design and planning. 
3.4.4 Information procurement 
Building information templates were designed to facilitate data collection. 
Information collected includes properties of building design and materials used, size 
and height of building, properties of common amenities and services, operation, 
management and occupancy rate of building, and tenancy types and characteristics. 
Field interviews were conducted with the factory facility manager to verify the data 
provided by the landlord. With respect to the energy consumption data, a high level of 





data accuracy is achieved as it was extracted directly from the original monthly 
energy bills for each flatted factory over a period of one year.  
 
3.4.5 Identification of Key Energy Indicators 
A group of potential energy indicators that can have an impact on the energy 
performance of industrial flatted factory buildings have been identified through the 
literature review presented in Chapter 2. A good indicator(s) is one that provides a 
measure of energy consumption for the flatted factory buildings. The selection of key 
energy indicators therefore requires careful study. To ensure the right choice of 
energy indicator is made, three statistical approaches are used. There are the simple 
linear regression, multivariate linear regression and classification tree analysis. 
3.4.5.1 Simple linear regression 
Simple Linear Regression determines the amount of variance accounted for by one 
variable in determining the quantity of another variable. By using the simple linear 
regression method, the relationship between two variables can be modeled by fitting a 
linear equation to the observed data, which is to find the straight line that comes 
closest to the data. The relationship is represented mathematically as  
Y = a + b X + e        Eqn 1 
 
Where Y is the response variable, X is the predictor variable, a describes where the 
line crosses the y-axis, b describes the slope of the line, and e is an error term that 
describes the variation of the real data above and below the line. Simple linear 





regression attempts to find a straight line that best 'fits' the data, where the variation of 
the real data above and below the line is minimized. 
3.4.5.2 Multivariate stepwise linear regression 
Multiple linear regression is an extension of simple linear regression which uses two 
or more predictor variables simultaneously to explain variations in a single response 
variable (L. Schroeder, D. Sjoquist, and P. Stephan., 1986).  It minimizes the sum of 
squared errors looking for the best estimates for coefficients. The distance, for each 
observation, between the observed total effort and the predicted total effort represents 
the error. In this study, the multivariate stepwise linear regression, that is said a good 
prediction technique (Kok, P., B. A. Kitchenham, J. Kirakowski, 1990), is used. 
Stepwise regression builds a prediction model by adding to the model the variable that 
has the highest partial correlation with the response variable, taking into account all 
variables currently in the model. Its aim is to find the set of predictors that maximize 
the F-value.  
The multiple linear relationship can be represented mathematically as  
 
Y = a + b X1 + c X2 + e       Eqn 2 
3.4.5.3Classification and Regression Tree-based Model (CART) 
The objective of CART models is to develop a simple tree-structured decision process 
for classifying instances by sorting them down the tree from the root to some leaf 
node (L. Brieman, J. Friedman, R. Olshen, and C. Stone, 1984). Trees used for 
problems with numerical features are often called regression trees and trees used for 
problems with categorical features are often called classification trees. CART models 
are fitted by binary recursive partitioning of a multidimensional covariate space, in 





which the dataset is successively split into increasingly homogeneous subsets until a 
specified criterion is satisfied. For the first partition, CART searches the best possible 
place to split a continuous variable into two classes and defines two subspaces which 
maximize overall class separation of the dependent variable. CART models are 
widely used as exploratory techniques and are less commonly used for prediction. 
Results are summarized in a simple tree model for explaining why observations are 
classified or predicted in a particular manner. While the two regression methods 
mentioned above assume that the predictor variables and the response variable are 
linearly related, CART are good non-linear and non-parametric alternatives to linear 
models for regression and classification problems. 
3.4.6 Normalization of Energy Use 
To develop meaningful and representative energy use intensity (EUI) indices and 
energy benchmarks, the normalization process cannot be omitted. For the EUI to 
better reflect the real energy performance of industrial flatted factory building when 
compared to similar building types, there is a need to normalize the energy use by the 
key energy indicator so that the energy performance of any flatted factory is not 
unfairly compared.  
3.4.7 Development of Energy Benchmarks 
There are several methods to develop energy benchmarks. In this study, three energy 
benchmarking approaches will be used to develop energy benchmarks. They are the 
(1) Simplified EUI, (2) Statistical-Based Benchmarking and (3) Fuzzy Clustering 
Technique. These three techniques are elaborated in Chapter 4.  





3.4.8 Test Reliability of Energy Benchmarks 
By computing the variance as well as coefficient of variation, the reliability of the 
energy benchmarks can be assessed.  
 
Variance,     Eqn 3 
 
Coefficient of Variation,     Eqn 4 
The above two mathematical formula expression only applies to linear functions 
which involves one variable. However, the energy benchmarks in this study using the 
Simplified EUI and Statistical-Based Benchmarking in the section above is a 
cumulative curve which is a non-linear function and EUI is a composite measure of 
energy consumption (kWh) / volume of landlord common area. Thus, in the 
estimation of the variance and cofficient of variation of a general non-linear estimator, 
the Taylor series linearization method is used. The method is usually called the 
linearization method because the original non-linear quantity is reduced to an 
approximate linear quantity by using the linear terms of the corresponding Taylor 
series expansion, and then construct the variance formula and an estimator of the 
variance of this linearized quantity (Wolter, 1985) as shown below.  
If the function is a ratio of two random variables, then the simple expression for the 
Taylor linearized estimated variance is 
























































     (in the case of simple random sampling) 
    
 
The corresponding estimated coefficient of variation (CV) is 
          Eqn 6 
3.4.9 Comparison of Energy Benchmarks 
Comparison will be made to see how the benchmarking results differ in using 
Simplified EUI, Statistical-Based Benchmarking to the more sophisticated Fuzzy 
Clustering Technique.  Instead of determining which energy benchmark model is 
better, the purpose is to understand and compare the outcomes of each energy 
benchmark developed by the three methods mentioned earlier.  
 
The Pearson Product Moment Correlation Coefficient is the most widely used 
measure linear association between two metric variables. A Pearson product-moment 
correlation is calculated to provide an index of accuracy of the benchmarks 
developed. 
 
The unpaired t-test is used to determine if the means of two samples (often an 
experimental and a control group) are truly, or at least significantly, different or if the 
difference between them is plausibly due to random variation not related to the 
hypothesis being tested. In this study, the parametric unpaired t-test was used to test 
whether the two benchmarking methods are significantly different from one another. 
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3.5 Systems Level Approach 
The research design strategies adopted to study the energy performance of flatted 
factory buildings at micro level comprises: 
 
a. Short-term Energy Monitoring  
b. Field Measurements  
c. User Perception Survey  
d. Case Study Simulation 
 
To understand the detailed energy consumption at system’s level by end uses, short-
term energy monitoring is introduced for twelve selected buildings across various 
energy classes. From the short-term energy monitoring, the main energy consuming 
system is determined. Focusing on the dominant energy user, subjective information 
procured through user perception survey is subjected to statistical analysis to further 
investigate the energy performance of industrial buildings with various energy 
classifications at systems level. In parallel with the user perception survey, 
measurements of the illuminance levels are taken to more accurately gauge the visual 
performance. A simulation case study approach is used to explore the various energy 











Figure 3.2: Integrated methodology for micro-level approach (Systems Level) 
  
 
3.5.1 Selection of Industrial Flatted Factory for Detailed Energy Study 
Following the marco study on the energy performance of 58 factory buildings from a 
whole building perspective, flatted factory buildings of varying energy use intensities 





are identified for in-depth study at systems level. Based on the benchmarks developed 
at whole building level, the flatted factory buildings are categorized into various 
energy classes. An equal number of buildings are selected from these classes for 
detailed energy study. 
3.5.2 Short-Term Energy Monitoring 
3.5.2.1 True Energy Measurement 
The main energy consuming systems in flatted factories are the lighting system and 
vertical transportation system. Short-term energy monitoring is carried out on these 
main systems for one week. Building services systems such as the pump system, toilet 
mechanical ventilation system that account for small percentage of the total 
consumption are seldom measured, based on real instantaneous measurements and 
interviews with the facility managers. Figure 3.3 present the schematic diagram of 








Figure 3.3: Schematic diagram of energy measurement set up 
















Due to the irregular (nonsinusoidal) current flows existing in different phases of the 
lighting system, all three phases of the lighting systems needs to be measured. Motor-
based building services systems, such as the vertical transportation system and the 
pump system, normally have symmetric currents in different phases of power supply. 
It is therefore sufficient to obtain the energy consumption of motor-based systems by 
multiplying the single phase energy consumption by three. The building systems are 
monitored for one week respectively. As Singapore is situated in the tropics with 
minimal changes in the climatic condition all year-round, long-term monitoring is not 
necessary. Moreover, the building systems existing in flatted factory are usually non-
weather dependent. Thus, one week short-term energy monitoring is assumed to be 
the representative performance period to determine the energy consumption of 
systems in the flatted factory building.  
3.5.2.2 Instrumentation 
Data loggers record readings over an interval of 10 min. TEM-1, standing for true 
energy meter-1, is specially developed for the measurements by Schafer Automation 
(Germany) and National University of Singapore (NUS). It measures true current and 
voltage, and output true energy consumption in real-time; power factor and form 
factor (for non-sinusoid curves) are automatically taken into account by this method. 
With accuracy up to ±2.2% when using clamp of current transducer, TEM-1 is much 
better than the commonly used true RMS power meter with accuracy of ±5%. All the 
instruments are calibrated before measurements. Short-term data logging meter is 
calibrated against the spot measuring equipment by taking spot measurement readings 
at the same time. The small size of this equipment also gives the benefit of access to 
individual equipment in very confined spaces. Specifications of the true energy meter 





used are summarized in Table 3.1 below. Appendix A presents detailed introduction 
and specification of TEM-1 that is used for the short-term energy monitoring. Figure 
3.4 shows a photograph of the real energy measurement on-site using TEM-1, true 
energy meter.  
 
Table 3.1: Specifications of energy-monitoring instruments 






































Figure 3.4: TEM-1, true energy meter 





3.5.2.3 Uncertainty Analysis of Data 
Error is the difference between the true value, which we do not know, and the 
measured value; therefore, the error is unknown. Essentially, error can be classified 
into two types, namely, random and systematic errors. Uncertainty is an estimate of 
the limits of the error (Dieck, 1992). 
  
Uncertainty analysis of the energy consumption obtained through measurements is 
performed in this study. The possible sources of error can arise from the accuracy of 
the gross floor area of the flatted factory building. The second source may be due to 
the assumption of the flatted factory’s operational schedule of 12 hours a day, 365 
days a year. The largest potential source of error would be the extrapolation of energy 
consumption of monitoring period to a whole year. This is to ensure that the energy 
use intensity (EUI) in terms of kWh/m2/year, can at least serve as an accurate measure 
in this study. 
 
The approach used to analyse uncertainty in this study is compatible with standard 
International and U.S. practices from the International Organization for 
Standardization (ISO 1995), American Society of Mechanical Engineers (ASME 




























3.5.3 Determine Energy Consumption by Building Services Systems 
The purpose of short-term energy monitoring above is to obtain a detailed picture of 
how energy is used by the building services systems in a flatted factory building. In 
identifying the dominant energy consumer(s) within the facility, efforts can be 
targeted to identify any potential for savings and management issues.  





3.5.4 Subjective & Objective Analysis of Dominant Energy Consuming System 
After identifying the main energy consumers in these naturally ventilated factory 
buildings through short-term energy monitoring, subjective and objective analysis are 
conducted to understand and fairly assess the performance of the building systems. 
Subjective evaluation is done by conducting expert walkthroughs and surveys with 
occupants identified through stratified random sampling method to ensure unbiased 
response. Objective evaluation entails the use of instruments to quantify and measure 
the performance of dominant energy consumers. Results of the objective 
measurements are then compared to recommended design guidelines. Specifications 
of the lighting level meter used are summarized in Table 3.2 below. 
 
Table 3.2: Specifications of instrument used for objective measurements 










At 23 oC ± 2 oC, 
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the reading is 





3.5.5 Propose Recommendations for Energy Efficiency Improvement 
The use of simulation and analysis software is becoming increasingly common in 
building analysis. The purpose of conducting the simulation study is to explore the 
various ways in which the performance of the dominant energy consumer can be 
improved. Since lighting system has been found to be the determining building 
system in flatted factory building, possible and viable lighting designs are investigated 
to increase the visual performance. The lighting designs are modeled in ECOTECT 
lighting simulation software. Design information was extracted onsite or through 





architectural drawings. The simulation process will be discussed in details in Chapter 
6.  
 
Based on the whole building and systems level analysis, a list of energy conservation 
measures (ECMs) are proposed and some of the recommended ECMs are further 
evaluated for its effectiveness.  
 
3.6 Summary 
This chapter has provided a description of the framework and methodology adopted 
for this research project. After reviewing the past literature, it was found that there is a 
lack of information pertaining to the energy performance of industrial buildings, with 
respect to non-process load. The research definition, thus, focuses on the development 
of an integrated methodology to achieve a holistic picture of the energy performance 
of industrial buildings in Singapore. 
 
In the methodology, several techniques that are commonly used to examine the 
building energy performance are synthesized for a wholesome assessment approach. 
The energy performance is investigated using micro and macro approaches. The 
energy performance is examined at a whole building level (macro level) as well as 
systems level (micro level). At the systems level, both subjective as well as objective 
measurements are conducted to ensure holistic assessment across all dimensions. 
Energy conservation measures that are proposed are evaluated using simulation and 
life cycle & cost analyses.  












In Singapore, Lee (2000) has successfully established a national energy benchmarking 
system for commercial buildings and is now developing energy benchmarks for other 
building types such as hotel buildings. However, there have been limited international 
and local efforts thus far to benchmark the energy use of non-process load of 
industrial buildings. Currently, there is no energy performance benchmark or 
reference standard for industrial buildings in Singapore. The largest industrial 
building developer and owner in Singapore, Jurong Town Corporation (JTC), spend a 
substantial amount each year to maintain and operate the common spaces, shared 
amenities and services in the flatted factory buildings.  An accurate and reliable 
energy benchmark and database for energy performance will allow industrial 
landlords to set realistic targets and energy budget for new building design and 
development. Also, this benchmark will aid in gauging how good or poor the flatted 
buildings are in terms of energy use which will then facilitate the industrial landlord 
to identify and prioritize buildings for significant energy performance upgrading and 
retrofitting. In this chapter the energy performance at a whole-building level (macro 
level) is presented, followed by the detailed findings of three energy benchmarking 
approaches, earlier mentioned in Chapter 3, used to develop energy benchmarks. 
 
 





4.1 Profile of flatted factory building sample 
The high-rise flatted factories studied are sampled from 35 industrial estates spread 
across Singapore. These flatted factories are restricted for light industry usage only. 
Examples of clean and light industries include (1) software design and development 
(2) manufacture of paper products without printing activities (3) manufacture of 
wearing apparel (except footwear) without dyeing and / or bleaching operations and 
(4) printing and publishing. These factories are designed to integrate marketing, 
management, production, storage and other industrial activities. They are served by 
cargo/passenger lifts and loading bays. One important point to note is that these 
flatted factory buildings are naturally ventilated, with no cooling systems for the 
landlord’s area. The landlords’ energy consumption typically covers the artificial 
lighting for the common area not within any tenant’s premises, vertical transportation 
system, mechanical ventilation systems, pumps and water tanks operation, emergency 
services and installations, cleaning and other functions in the common area, as well as 
carpark lighting consumption. The operating hours of lighting systems are 
standardized across the cohort of flatted factory buildings as they are maintained by a 
single industrial landlord. 
Annual electricity consumption of the sampled flatted factory buildings differ a great 
deal, ranging from 138,684 kWh to 1,714,569 kWh (See Table 4.1). This significant 
variance is largely due to the large range in gross floor area (GFA). The average 
annual electricity consumption of the 59 flatted factory buildings is 359,656 kWh 
with a standard deviation of 311,074 kWh. The large standard deviation (87% of the 
average consumption) recorded is an indicator of the large variation in total electrical 
energy usage between flatted factory buildings of different floor area.  
 





Table 4.1: Summary information on flatted factory building sample 
Industrial Flatted  
Factory N Minimum Maximum Mean Std. Deviation 
 59     
Gross floor area (m2) 
 
 14,101 57,292 23,663 9,223 
Landlord common area 
(m2) 
 




 3.75 6.0 3.88 0.33 
Operating hours of 




























The flatted factories studied have average design efficiency (gross lettable area (GLA) 
to gross floor area ratio) of 71% with a 95% confidence interval of +/- 2.1%. The 
Gross Floor Area (GFA) is defined as the covered floor space (whether within or 
outside a building and whether or not enclosed) measured between party walls 
including thickness of external walls and any open area used for commercial 
purposes. The results show that this group of buildings is highly rationalized and 
standardized in terms of architectural design and planning. The low spread of flatted 
factory design efficiency indicates that the data obtained provide a reliable profile of 
flatted factories’ energy performance in Singapore. 
 





4.2 Development of key energy performance indicator (EPI) 
4.3.1 Simple Linear Regression 
Currently, most energy performance assessments are based on gross floor areas, i.e. 
normalized energy-use intensities (EUI) is defined as the electric energy per unit of 
gross floor area. The use of EUI based on gross floor area may not be adequate in 
evaluating energy use performance in all building types (Deng, 2002). As such, least 
square linear regression analysis technique was used to process the surveyed data. The 
landlord electricity consumption figures for 12 months from each flatted factory were 
correlated with a number of flatted factory building characteristics in order to find the 
best possible explanatory energy indicator based on the available data. The R2 values 
for landlord electric energy use against a number of potential electric energy 
performance explanatory indicators are shown in Table 4.2. For flatted factory energy 
performance, it appears that two best explanatory indicators are related to landlord’s 
area-- landlord’s area and volume of landlord’s area. Both landlord’s area and volume 
of landlord’s area have high R2 values of 0.807 and 0.855 respectively as evident in 
Table 4.2. As the volume of landlord’s area is deemed to be the major determinant of 
the variation of energy use between flatted factory buildings, it is now justified to use 
volume of landlord’s area as a normalization factor for the calculation of the 
normalized energy-use intensities (EUI). There is an imperative need that the actual 
electricity consumption data is normalized so that the EUI can render a more accurate 
comparison of energy performance between flatted factory buildings. In the case of 
flatted factory buildings, there is no need to normalize the electrical energy 
consumption data using the operating conditions. This is because the sampled flatted 
factory buildings have similar operating conditions for the landlord’s area.  





Table 4.2: R2 values for landlord electric energy use against potential energy 
indicators 
 




Gross floor area 0.684 
Rentable area 0.481 
Landlord’s area 0.807 
Number of lifts 0.606 
Floor-to-floor height 0.463 
Volume of flatted factory 0.798 
Volume of landlord’s area 0.855 
Age 0.339 
Occupancy rate 0.011 
4.3.2 Multivariate Linear Regression 
Stepwise multivariate linear regression analysis was used to identify the key energy 
indicators that can simultaneously have an impact on the energy performance of 
flatted factory buildings. All the nine potential energy performance indicators were 
selected for the stepwise regression. Table 4.3 below shows a summary of the result 
arising from the stepwise regression.  
Table 4.3: Results from multivariate stepwise linear regression 
Model Equation R2 Adjusted R2 P-Value 
1 Ê = 3136.47 + 0.868 (Volume of landlord’s area) 0.854 0.852 < 0.0005 
2 
Ê = 4306.386 + 0.708 (Volume of 
landlord’s area) + 1930.804 (Number 
of Lifts) 
0.881 0.877 < 0.0005 
3 
Ê = 4306.386 + 1.150 (Volume of 
landlord’s area) + 2251.767 (Number 
of lifts) – 2.423 (Landlord’s area) 
0.890 0.884 < 0.0005 





R2 (the Coefficient of Determination) is the percent of the Total Sum of Squares that 
is explained; i.e., Regression Sum of Squares (explained deviation) divided by Total 
Sum of Squares (total deviation). This calculation yields a percentage. The weakness 
of R2 is that the denominator is fixed and the numerator can only increase. Therefore, 
each additional variable used in the equation will probably contribute to a larger 
numerator no matter how small is the increase, thus resulting in a higher R2. The 
Adjusted R2 value is an attempt to correct this shortcoming in the R2 value by 
adjusting both the numerator and the denominator by their respective degrees of 
freedom.  
 
Since R2 values tend to over-estimate the success of the model, it is best to examine 
the adjusted R2 values instead. From Table 4.3 above, it is evident that the volume of 
landlord’s area remains the most consistent key energy indicator of landlord energy 
performance of flatted factory building. Model 1 which includes only volume of 
landlord’s area may account for 85% of the variance. The inclusion of the number of 
lifts in Model 2 resulted in an additional 2% of the variance being explained. The final 
Model 3 also included landlord’s area and this model accounted for 88% of the 
variance.  As p < 0.0005, all 3 models are considered significant. In checking for 
multicollinearity, it was found that the variance inflationary factor (VIF) > 5 for 
Model 3, hence multicollinearity exists. As such, Model 1 and Model 2 are deemed to 
be the only valid regression models. Since the inclusion of number of lifts as an 
energy explanatory indicator only improves the adjusted R2 by a mere 2%, it can be 
concluded that the volume of landlord’s area alone is sufficient to explain 85% of the 
variability in energy performance of flatted factory buildings. It is better to have 
simple models based on a small number of strong variables rather than an expanded 





model based on more significant variables (Sharp, 1996). Hence, it suffices to use 
volume of landlord’s area as the sole normalization factor.  
4.3.3 Classification and Regression Tree (CART) 
Classification and regression trees offer a non-algebraic method for partitioning data 
that lends itself to graphical displays. Based on a classification and regression tree 
(CART) analysis, the volume of common area and the common area are the two 
strongest predictors of energy performance of flatted factory buildings, as shown in 
Figure 4.1 and Table 4.4. Given a list of possible factors, the method identifies those 
that can best subdivide the data such that the variance within each subgroup is 
minimized. CART uses a goodness of fit measure, also referred to in the literature as 
an impurity measure, and computed over the entire tree, to determine a variable’s 
importance. In this study the goodness of fit measure was the Gini Index. From Table 
4.4, it can be seen that the volume of common area and the common area are the two 
most importance independent variable, suggesting that these two variables explain the 
most variation in the energy performance of flatted factory buildings. It is found that 
the energy performance of flatted factory buildings can be categorized effectively by 
the volume of common area and the common area. One highly possible explanation is 
that the buildings with larger volume of common area and common area tend to 
expend more energy to maintain the common services and amenities provided in the 
common landlord space.  
 
The CART results are consistent with the linear and multivariate regression analyses 
presented above which also showed a strong interaction between the energy 
performance of flatted factory building and common area parameter. Data was 




























partitioned to verify the model accuracy. One group is used for “training”, or fitting 
the model. Another group, referred to as the validation set, is used for testing the fit of 
the model and re-estimating parameters in order to obtain a better model. It is 
common for a number of iterations of testing and fitting to occur before a final model 
is selected.  
Figure 4.1: Classification and Regression Tree (CART) 
 










4.4 Normalization and determination of energy performance 
indicator (EPI) 
4.4.1 Filtering criteria  
To develop a representative data set and ensure reliable benchmarking among similar 
facilities, primary filters are developed for industrial flatted factory buildings. For 
example, the common spaces of the industrial flatted factory buildings must be 
naturally ventilated and the building must be located in Singapore. The lists of 
primary filters are shown in Table 4.5. For buildings that cannot meet these 
requirements, meaningful or accurate benchmarking results may not be obtained. 
Table 4.5: Primary filters 
Parameters Abbreviation  Filtering criteria 
Building location LOC Singapore 
Type of building TB Industrial flatted factory 
building 
Ventilation type (common area) NV Naturally ventilated 
Building age BA <= 39 years  
Gross floor area  
(excluding car park area) 
GFA >=9000 m2 
Landlord Common Area LCA >=1000 m2 
Floor-to-Floor Height FH >=3.6m and <= 6.0m 
Occupancy rate of flatted factory OR >=65% during last 12 
months  
Typical weekly operating hours 
of Landlord Common Area 
WKHRS >=44 and <= 84 hours/ week 
% area of GFA occupied by 24-
hour tenant 
GFA(24HR) <= 20% 
% of common area CA/GFA > 10% and < 50% 
4.4.2 Weather normalization 
Weather normalization remains one of the pertinent issues in building benchmarking 
analysis. Building energy consumptions were found to be significantly influenced by 
the outdoor weather conditions such as temperature, relative humidity and solar 
radiation in the tropical region (Reddy et al, 1997; Sonderegger, 1998; Sullivan and 





Selkowitz, 1992). However, calculations of cooling degree hours show that in 
Singapore the variation of weather from year to year is minor - within 5% range 
(Singapore Department of Statistics, 2005; Wong et al, 2002; National Environment 
Agency, 1991-2002). There are four weather stations located in various parts of 
Singapore and it is found that there is little difference among the weather data 
collected at these four weather points. This is so because Singapore is located within 
one climatic zone. Moreover, the energy consumed to maintain the building systems 
and amenities in the common spaces of the flatted factory buildings are not weather 
sensitive as these common spaces are naturally ventilated. As such, no weather 
normalization or correction is needed in developing energy benchmarks in this study.  
4.4.3 Correction factors 
Car parks normally occupy large area in office buildings either underground or 
aboveground occupying several floors of the buildings. Nevertheless, carpark energy 
consumption constitutes a minor proportion of the total energy consumption as the 
energy is only used for lighting and ventilation in car parks. Car park areas can vary 
significantly from building to building. Thus, it is essential to exclude car park area 
and its consumption from the calculation of EUI to achieve a fair and accurate 
benchmark. Based on a past study (Yeo, 2003), car park energy consumption is 
estimated as follows: above ground car park without mechanical ventilation: 10 
kWh/m2/year; with mechanical ventilation: 18 kWh/m2/year; underground car park: 
38 kWh/m2/year.   
 
In the cohort of flatted factory buildings, there are few with air-conditioned landlord 
area. For those with air-conditioned space for which the utility bill is under the charge 





of the landlord, correction is carried out based on 215 kWh/m2/year, a finding arising 
from previous in-depth study on energy consumption of offices in Singapore (Lee, 
2000).  
4.4.4 Key energy indicators 
In order to obtain a meaningful benchmark, there is a need to normalize the energy 
use by a suitable energy indicator. Simple data filtering alone is insufficient. As 
mentioned earlier, simplified normalization is typically done with the building floor 
area. More rigorous normalization approaches include the statistical analysis-based 
approach or simulation model-based approach.  
 
In this study, three types of energy benchmarks for non-process loads in naturally 
ventilated flatted factory buildings are developed. The first benchmark is the typical 
simplified EUI where customary normalization by building floor area is conducted. 
The second benchmark is based on statistical analysis benchmarking (Sharp, 1996). 
Simple linear regression, stepwise least-squares multivariate linear regression as well 
as classification tree models were applied to identify the key energy indicators of 
electricity use in flatted factories. By normalizing the energy consumption with the 
key energy indicators, an energy benchmarking curve is established. This allows for 
better comparative studies between flatted factories. The wide range of normalized 
energy-use intensities (EUI) obtained from different flatted factories show that there 
are significant opportunities for energy efficiency development. From the 
benchmarking curve, individual owner of flatted factory can rapidly determine the 
performance of his/her factory in terms of percentile positioning with respect to the 
entire cohort of factories, and ascertain the amount of energy saving accruable. The 





flatted factory buildings are then classified using equal frequency rating where three 
different groups of buildings are formed with normalized EUI falling within the top 
25 percentile, between 25 and 75 percentiles, and those above the 75 percentile. The 
third energy benchmarking technique used is based on fuzzy clustering. In the case of 
intelligent clustering techniques, each cluster is considered as an energy class. 
 
4.5 Development of Energy Benchmarks 
4.5.1 Simplified energy benchmark (kWh/m2) 
A simple approach of developing a typical energy benchmark is by simply 
normalizing the energy use by the building floor area (Eto, 1990). However, the 
typical EUI benchmark method is not a discriminating metric as it is not statistical-
based and does not take into account other building features that may impact energy 
performance of a flatted factory. Nevertheless, by normalizing the energy with a 
common denominator, in this case the building floor area, still allows comparisons 
among similar buildings. The mean value and median value of the normalized energy-
use intensities (EUI) are 46.00 kWh/m2/year and 43.10 kWh/m2/year respectively. 
The skewness value of 0.68 indicates the closeness of the symmetry bell shape 
distribution. It follows that approximately 50% of the buildings studied have 
normalized EUI below the mean value of 46.00 kWh/m2/year.  Very often, building 
owners and managers benchmark building energy use against the average energy 
performance of a group of similar buildings. Benchmarking one’s building 
normalized EUI to an average would likely lead the owner to no action in most cases 
as excessive EUI are not apparent. The cumulative percentile curve should therefore 
be plotted as it offers improved benchmarking over averages.  





Cumulative Percentile Distribution Curve 
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4.5.2 Statistical analysis-based energy benchmark 
The results in the earlier section showed that the energy consumptions of flatted 
factory buildings are directly proportionate to the volume of landlord’s area. The high 
correlation coefficient of 0.85 indicates that the volume of landlord’s area alone can 
predict or estimate the energy consumption of a building to a good degree of accuracy 
with the exception of a small percentage of buildings. These results have been 
translated into a cumulative percentile distribution curve as shown in Figure 4.2. From 
the cumulative distribution curve, the facility manager of the factory is able to 
determine the energy performance of his factory building in terms of percentile 
position based on the normalized energy-use intensities (EUI) of his own factory 
building. This is a benchmark measure of a flatted factory building versus the energy 
performance of the cohort of 58 flatted factory buildings captured in this study.  
 
Figure 4.2: Cumulative Percentile Distribution Curve of Flatted Factories 










It can be observed from the energy performance ranking for landlord is rather 
sensitive to minor increment. 70% of the buildings studied have normalized EUI of 





between 10 and 15 kWh/m3/year. This is relatively competitive. The mean value and 
median value is 11.68 kWh/m3/year and 11.22 kWh/m3/year. 
 
Hence Figure 4.2 presents a useful data set for flatted factory buildings in Singapore 
where property manager can benchmark and target energy performance of his factory 
building. Designers too can use this as a benchmark when they are designing new 
flatted factory buildings in Singapore. It is now possible for industrial landlord to 
identify and set realistic targets for the consultants to achieve, and in doing so ensure 
that his factory building stays within the top leagues of the industry. Factory building 
managers of existing buildings can determine where the current performance level of 
his factory building is and set realistic target to enhance energy efficiency. He can 
estimate the amount of savings possible and hence justify the amount of funding to 
achieve the target. 
 
On the whole, the normalized energy-use intensities (EUI) calculated based on the 
volume of landlord’s area of flatted factory in Singapore is generally on the low side 
as compared with the benchmarking metrics established by Royal Institution of 
Chartered Surveyors (RICS) in 1993 which ranges from 29 to 38 kWh/m3/year. 
However, it should not be concluded that factories in Singapore are comparatively 
more energy efficient as details on the sampled factories in the UK is not known. For 
example, climatic differences have not been taken into account so it is unfair to 
compare benchmarks developed for the tropical and temperate regions. Also, it is 
likely that the factories in the temperate regions have either heating or cooling 
systems which may indirectly attribute to a higher normalized EUI. Furthermore, this 
energy benchmark for the factories in UK was developed more than a decade ago, 





thus it cannot be assumed that the figures are representative of the factories today. 
Figure 4.3 shows the classification of flatted factories under three classes according to 
percentile ranking of the EUI. The EUI is converted to a percentile rank, with 0 being 
the best and 100 being the poorest. Percentile or percentile rank (PRi)of an 
observation is the percentage of a distribution that falls below that observation and 
can be calculated with the following equation: 
 
 
where Ri is the rank of the observation Xi (ranked from highest to lowest), and n is 
the number of observations in the distribution. The median is the 50th percentile.  
Under the systems level study, four flatted factories are identified from each energy 
class for detailed energy audit as shown in Figure 4.3. 



















4.5.3 Fuzzy clustering-based energy benchmark 
MATLAB’s Fuzzy Logic Toolbox was used for fuzzy c-means clustering in the 
development of energy benchmarks. Fuzzy c-means clustering partitions numerical 
data into clusters. The belongingness of a data point to a specific cluster is given by 
the membership value of the data point to that cluster. The membership value is 
calculated by minimization of a FCM function which searches for the belongingness 
that gives the least error. The function needs approximate cluster centers, as well as a 
metric for membership evaluation as input, e.g., the Euclidean distance. The 
minimization is an iterative process where new cluster centers are computed as 
weighted averages of all data points, where the membership values are the weights. 
The stop criterion is when the membership values have changed very little in 
comparison with the previous iteration. 
The clustering results presented below is obtained by implementing fuzzy c-means 
algorithms using Matlab 7.2.0. With reference to Figure 4.4, a three classes rating for 












Figure 4.4: Defined Clusters of the total energy consumption for industrial 
buildings in Singapore 
 
4.6 Reliability of energy benchmarks  
The reliability of energy benchmarks developed for flatted factory buildings can be 
evaluated by using statistical measures such as the variance and the coefficient of 
variation. Reliability is a characteristic of a measure that is taken across individuals. 
Variance is a measure of the spread or distribution of a set of scores. The coefficient 
of variation can be used to measure the consistency of a set of scores. The coefficient 
of variation (CV) is calculated as standard deviation divided by mean. A high CV 
value reflects inconsistency among the samples within the group. However, the 





variance and coefficient of variation applies to linear functions which involves one 
variable.  
 
The cumulative benchmark curve developed for flatted factory buildings in this study 
(see Section 4.5.3) is a non-linear function. The statistical-based EUI is a composite 
measure of energy consumption (kWh) to volume of landlord common area. Hence, 
the Taylor series linearization method is used to approximate the variance and 
coefficient of variation (Kirk, 1985). In applying the Taylor series linearization 
method, the Taylor linearized estimated variance is found to be 0.0051 and the 
corresponding estimated coefficient of variation (CV) is 0.006219 (0.6219%). The 
low variance and CV value indicates high reliability of the benchmarking curve 
developed. 
 
4.7 Comparison of Energy Benchmarking Techniques 
4.7.1 Simplified Energy Benchmark vs. Statistical-Based Energy Benchmark 
The section shows the results arising from a performance comparison between the two 
energy benchmarking methods undertaken in this study. It is possible to measure how 
well typical simplified EUI metric and the statistical-based EUI metric compensate 
for features or functional requirements that affect energy use. This can be achieved by 
comparing the degree of association (correlation) between the “model” associated 
with each method and the actual energy consumption (Federspiel et al, 2002). For 
each method, the Pearson product-moment correlation coefficient was computed. This 
test establishes the strength of association (correlation) between two variables 
measured on an interval or ratio scale. A higher number represents stronger 





association. In the case of flatted factory buildings, the residuals (difference between 
the actual consumption and the consumption predicted by the model) of energy use 
data are normally distributed, therefore the square of the Pearson coefficient is the 
percentage of the variance explained by the model. Table 4.6 shows the square of the 
Pearson coefficient for the two benchmark methods when applied to 58 flatted factory 
buildings in Singapore. The typical EUI benchmark accounts for the building floor 
area of the common space while the statistical-based EUI benchmark takes into 
account the volume of the landlord common space. Table 4.6 demonstrates that the 
statistical-based (Sharp, 1996) benchmarking method is better at accounting for the 
features that affect energy use as compared to the typical EUI benchmarking method. 
This is clearly shown by the higher Pearson (R2) value of 0.697 as compared to 0.442. 
 
Table 4.6: Comparison of benchmarking methods 
 Pearson, R2 
Typical EUI method 0.442 
Statistical-based method 0.697 
 
The parametric unpaired t-test was used to test whether the two benchmarking 
methods are significantly different from one another. Prior to the unpaired t-test, test 
for normality is conducted to ensure that the data sets are normally distributed. Also, 
f-test is carried out to test for equal variances. The calculated F-value (0.069) is found 
to be smaller than the critical F-value (0.644) at 95% confidence interval, hence the 
null hypothesis is accepted and it can be concluded that there is no difference between 
the two variances. Since there is no difference between the two variances, the 
unpaired t-test is conducted to test for significant difference between the typical EUI 
method and the statistical-based method. The P-value arising from the unpaired t-test 





is found to be much below 0.05, indicating that the two benchmarking methods are 
statistically different.  
4.7.1 Equal Frequency Percentile Rating Technique vs. Fuzzy Clustering 
Technique 
The energy classification obtained from the fuzzy clustering technique is compared 
against results given by the equal frequency classification technique (percentile 
ranking). The defined classes when equal frequency classification techniques and 
fuzzy clustering technique are used is presented in Figure 4.5 and 4.6. 
 
The equal frequency classification technique method has given an extremely short 
class as well as a very large one. The equal frequency classification technique is a 
simple approach to rank the energy performance which portrays the relative position 
of each building and can be easily understood and calculated. The percentile ranks are 
bunched up in the middle of the distribution and spreads out at the extreme as 
illustrated in Figure 4.5. The application of the equal frequency classification 
technique in data sets not strictly following a normal distribution, gives unbalanced 
results. The energy range of the classes is short and close to the monitoring error and 
the normalization inaccuracies. In parallel, classes of short range, like Class III 
industrial buildings, may be the source of serious confusion as non significant 
changes may modify the classification of the building in both directions. Finally, the 
range of the lower energy efficient buildings, is always very large, something that 
may discourage to undertake energy conservation measures to improve their energy 
efficiency.   











In parallel, it has been shown that the use of fuzzy clustering techniques for the 
energy rating of buildings offers more robust classes avoiding problems of 
unbalanced classification with low or large range classes. The fuzzy clustering 
technique gives more unformity in terms of class range (Figure 4.6) compared to 
those defined by equal frequency classification technique. Details of fuzzy clustering 
technique can be found in Appendix C. 
Figure 4.5: Defined energy classes of total energy consumption for industrial 



















Figure 4.6: Defined energy classes of total energy consumption for industrial 






















In this chapter, the key energy performance indicator was established using the simple 
linear regression, multivariate regression as well as the classification tree analysis. 
The consistent results arising from these three statistical analysis strongly justifies the 
use of volume of landlord’s area as a key normalization factor for industrial buildings 
in Singapore. The energy benchmarks of industrial buildings are developed through 
three methods, namely the typical simplified energy benchmarking, statistical 
analysis-based energy benchmarking and the fuzzy clustering technique. It is 
relatively straightforward to derive energy benchmarks using the typical simplified 
energy benchmarking, however, the Pearson coefficient indicates that the statistical-
based benchmarking method is better at accounting for the features that affect energy 
use as compared to the typical EUI benchmarking method. Comparison between the 
energy classification obtained from the fuzzy clustering technique and the equal 
frequency classification technique (percentile ranking) demonstrated that the use of 
fuzzy clustering techniques for the energy rating of buildings offers more robust 











ASSESSMENT OF BUILDING SYSTEMS 
 
The purpose of assessments of building systems and energy audits is to investigate the 
present situation and saving potentials in energy consumption. They are tools for real 
estate maintenance, energy efficiency-improvement and the environmental 
management system in the industrial and service sectors. Twelve flatted factory 
buildings have been identified from three energy classes for in-depth subjective and 
objective analysis. Subjective assessment method includes user perception survey and 
expert walkthrough while field measurement and short-term energy monitoring are 
used to evaluate the building systems objectively.  
 
5.1 Objective Assessment Method 
5.1.1 Short-Term Energy Monitoring 
5.1.1.1 Objectives  
The main objective of the audit was to profile energy consumption of the different 
users for the blocks so that energy saving opportunities could be identified. During the 
audit, data on the electrical consumption of the different systems including lighting, 
transfer pumps, booster pumps and lifts was collected using highly accurate 
instruments and data logging systems. 
 
 






Energy audit of existing buildings is a systematic process applied to existing buildings 
to identify and implement operational and maintenance (O&M) improvements and to 
ensure building system functionality.  
 
The Energy Audit basic process includes the following fundamental procedures:  
 
d. Investigation and data collection  
e. Determining the percentage usage by various end users  
f. Analysis of collected data  
g. Identifying energy saving measures 
h. Estimating savings and cost for implementing recommendations 
i. Benchmarking Performance of systems 
5.1.1.3 Audited Buildings 
The energy audit of the twelve selected flatted factory buildings was carried out in 
year 2005 and 2006. Four selected flatted factory buildings are selected from each 
class of flatted factory buildings as shown in Table 5.1 below.  
 
The audit included a comprehensive study of the various energy consuming 
equipment and systems installed within the blocks which are metered under “landlord 
common area” electricity consumption. During the study, data on the electricity 
consumption of the various systems was collected and analyzed enabling 
comprehensive solutions and recommendations for improvement measures to be 
identified.  









FLATTED FACTORY BUILDING 
Class I 
10 Kaki Bukit Avenue 1 
2 Loyang Lane 
1022 Tai Seng Ave 
998 Toa Payoh North 
Class II 
30 Kallang Place 
1090 Lower Delta Road 
4 Loyang Lane 
101 Boon Keng Road 
Class III 
1003 Bukit Merah Central 
25 Kallang Avenue 
16 Kallang Place 
1092 Lower Delta Road 
 
5.1.1.4 Data collection 
Short-term energy monitoring and the information collected can be used to determine 
the breakdown of existing energy usage for various pieces of equipment in the facility 
(end-use profile) and the overall energy usage per square foot (energy use index). The 
end-use profile allows the user to see where all of the energy is being used in the 
facility and where the greatest opportunities for energy conservation exist. The energy 
use intensity index can be used to compare energy usage in the existing facility 
against similar building types as shown in Chapter 4.  
 





The following data was collected for each block during the study: 
General 
Type of block 
Number of floors 
Average monthly electricity consumption (from utility bills) 
 
Lighting 
Number of fixtures 
Type of fixture 
Lamp Wattage 
Lighting level (lux) 
Average daily kWh consumption 
Daily operating hours 
 
Lifts 
Number of lifts 
Brand of lifts 
Average daily kWh consumption for each lift 
 
Others 
Average daily kWh consumption by other users 
(This category includes pumps, switch room lighting etc) 





5.1.1.5 Uncertainty Analysis of Data Collected 
The difference between the true value and any given measured value is called the 
uncertainty of the limits of error in the measurement (Dieck, 1992). The relationship 
of these three parameters is expressed as follows: 
 
          Eqn 5.1 
 
Where   x   = true value of the variable 
  x   = mean value of observed data 
  90U  = uncertainty at 90% confidence interval 
 
The combined standard uncertainty of a measurement result, in this case 90U , is taken 
to represent the estimated standard deviation of the result given in Equation 5.2 
below. It is obtained by combining the individual standard uncertainties (and 
covariances as appropriate), both random and systematic uncertainties, using the usual 
method for combining standard deviations. This method is known as the law of 
propagation of uncertainty, also commonly called the "root-sum-of-squares" (square 
root of the sum-of-the-squares) or "RSS" method of combining uncertainty 
components estimated as standard deviations.  
 
Combine ( ) ( )[ ] 212290 intint7.1 yUncertaSystematicyUncertaRandomU +=  Eqn 5.2 
 
The value of the coverage factor (k = 1.7) comes from the t-distribution for 90% 
confidence with a degree of freedom greater than 30, as shown in Table 5.2. The 
90Uxx ±=





coverage factor is a multiplier used with the standard uncertainty to expand the 
uncertainty for the desired confidence. For example, the standard deviation is 
multiplied by a coverage factor of 2 for 95% confidence (or coverage), assuming that 
the degree of freedom is ≥ 30. The coverage factor is typically based on the t-
distribution. The 90% confidence interval (sometimes stated as 90% coverage) means 
that 9 of 10 observations should satisfy                    (ASHRAE 2002 and ISO 
1993).  
Table 5.2: Coverage Factors (t-distribution) 
In using the true energy meter TEM-1 using current clamp APPA 15, the accuracy of 
the instrument was found to be  ±2.2%, and ±2.8% with the use of larger clamp 
TENMA_72555.  
5.1.1.6 Summary of Data Collected  
The energy audit of the twelve selected flatted factory buildings was carried out in 
year 2005 and 2006. For each flatted factory, the electrical consumption was profiled 











1 1.84 3.08 6.31 12.71 
2 1.32 1.89 2.92 4.30 
3 1.20 1.64 2.35 3.18 
4 1.14 1.53 2.13 2.78 
5 1.11 1.48 2.02 2.57 
10 1 1.37 1.81 2.23 
15 1 1.34 1.75 2.13 
20 1 1.33 1.73 2.09 
25 1 1.32 1.71 2.06 
≥ 30 1 1.3 1.7 2.0 
∞ 1 1.28 1.65 1.96 
90Uxx ±=





as the common area lighting, water pumps, and lift systems. The summary of data 
collected is presented in the following sections of this chapter. The focus will be on 
the lighting and lift systems as they constitute the bulk of the energy consumption in a 
flatted factory building. 
5.1.1.7 General Information 
The general information on the blocks audited as well as the actual electricity 
consumption data from the monthly electricity bills are given in Table 5.3 below. 
 




























10 Kaki Bukit 
Avenue 1 10 3.80 30,759 8,885 7 26,388 
2 Loyang Lane 14 4.20 14,677 3,697 5 11,711 
1022 Tai Seng 
Ave 17 3.80 24,036 7,453 7 19,715 
998 Toa Payoh 
North 33 3.76 22,782 7,012 7 19,657 
Class II 
30 Kallang 
Place 30 3.75 21,918 7,294 7 25,566 
1090 Lower 
Delta Road 33 3.76 14,101 3,828 7 14,174 
4 Loyang Lane 14 4.20 14,677 3,734 5 13,115 
101 Boon 
Keng Road 36 3.80 19,288 4,870 7 17,185 
Class III 
1003 Bukit 
Merah Central 26 3.76 28,056 7,417 7 38,861 
25 Kallang 
Avenue 15 3.80 28,130 8,784 7 55,665 
16 Kallang 
Place 33 3.80 45,998 8,167 7 37,192 
1092 Lower 
Delta Road 36 3.76 14,101 3,784 7 15,409 





5.1.1.8 Lighting  
Lighting is used to illuminate the common areas such as corridors, stairways, lift 
lobby. All lighting for the corridors use 36W and 18W fluorescent lamps with 
magnetic ballast and compact fluorescent lamps. The lights are operated based on a 
pre-set schedule. The lighting is switched on from 7.00 pm in the evening till 7.00 am 
the following morning. The number of fixtures, type of fixtures and wattage for each 
block are tabulated in the following Table 5.4.  



















Corridors Fluorescent lamps 18W x 504 98 - 1190 
8060.43 
 
Lift Lobby Fluorescent lamps 18W x 182 100 - 200 
Staircase Fluorescent lamps 
18W x 72 
36W x 12 30 - 121 
2 Loyang 
Lane 
Corridors Fluorescent lamps 18W x 62 40 - 1000 
5168.90 
 
Lift Lobby Fluorescent lamps 18W x 130 22 - 200 
Staircase Fluorescent lamps 18W x 8 123 - 158 
1022 Tai 
Seng Ave 
Corridors Fluorescent lamps 
18W x 328 
36W x 8 99 - 3500 
12,573.8
1 Lift Lobby 
Fluorescent 
lamps 
18W x 84 
36W x 44 38 - 140 
Staircase Fluorescent lamps 18W x 42 9 - 120 
998 Toa 
Payoh North 
Corridors Fluorescent lamps 18W x 203 30 - 4000 
6630.59 
 
Lift Lobby Fluorescent lamps 18W x 84 50 - 70 




Corridors Fluorescent lamps 18W x 240 100 -5100 
4545.91 
 
Lift Lobby Compact Fluorescent 12W x 336 98 - 127 
Staircase Fluorescent lamps 36W x 70 40 - 530 
1090 Lower 
Delta Road Corridors 
Fluorescent 
lamps 18W x 495 20 -10000 3813.78 










18W x 6 
12W x 108 30 - 116 
Staircase Fluorescent lamps 18W x 18 16 - 49 
4 Loyang 
Lane 
Corridors Fluorescent lamps 18W x 62 77 - 1470 
4529.88 Lift Lobby Fluorescent lamps 18W x 130 40 - 56 
Staircase Fluorescent lamps 18W x 8 121 - 147 
101 Boon 
Keng Road 
Corridors Fluorescent lamps 18W x 158 45 - 2000 
6145.66 Lift Lobby Fluorescent lamps 18W x 38 70 - 200 





Corridors Fluorescent lamps  
18W x 67 
36W x 91 50 - 7760 
14267.67 Lift Lobby Compact Fluorescent 12W x 124 104 - 248 
Staircase Fluorescent lamps 36W x 72 50 - 190 
25 Kallang 
Avenue 
Corridors Fluorescent lamps 18W x 323 120 -4070 
12043.17 Lift Lobby Fluorescent lamps 18W x 276 110 - 340 
Staircase Fluorescent lamps 18W x 60 235 - 450 
16 Kallang 
Place 
Corridors Fluorescent lamps 
18W x 328 
36W x 126 18 - 5000 
12231.94 Lift Lobby Fluorescent lamps 18W x 452 128 - 205 
Staircase Fluorescent lamps 
18W x 48 
36W x 24 78 - 128 
1092 Lower 
Delta Road 
Corridors Fluorescent lamps 18W x 246 21 - 4560 
2316.267 Lift Lobby Fluorescent lamps 18W x 36 33 - 66 
Staircase Fluorescent lamps 18W x 18 12 - 43 
 
Comparing with the recommended illuminance levels shown in Table 5.8 of Section 
5.1.2.1 of this chapter, the measured data lighting levels are generally at or below the 
lower range of the recommended levels, with the exception of areas that are exposed 
to strong and direct sunlight.  






The number of lifts serving the flatted factories differs. There is a combination of 
passenger and cargo lifts. Most lifts in the flatted factory buildings also have variable 
voltage (VV) or variable frequency (VF) drives. Summary of data collected for the 
lifts is tabulated in Table 5.5 below. 
 

























10 Kaki Bukit 
Avenue 1 3 4 6,000 10,000 8646.25 
2 Loyang Lane 2 3 3,000 7,500 1669.66 
1022 Tai Seng 
Ave 2 4 4,000 10,000 7025.84 
998 Toa Payoh 
North 2 4 4,000 8,650 3784.11 
Class II 
30 Kallang 
Place 2 3 3,300 5,450 5216.12 
1090 Lower 
Delta Road 1 2 1,800 4,550 5871.25 
4 Loyang Lane 2 3 3,000 7,500 3952.13 
101 Boon 
Keng Road 2 4 1,360 6,600 2903.22 
Class III 
1003 Bukit 
Merah Central 1 3 1,800 6,245 5967.97 
25 Kallang 
Avenue 4 6 8,000 15,000 7030.17 
16 Kallang 
Place 4 6 2,720 11,400 15058.01 
1092 Lower 
Delta Road 1 2 2,000 4,500 5612.46 
 
5.1.1.10 Results & Discussion 
Analysis of data collected during the audit is presented in this chapter in the form of 
tables, pie-charts and benchmarking indices.  






The percentage electricity consumption of lighting and lift systems are shown in the 
Table below. It is important to note that the percentage consumption for lighting 
system does not include the lighting consumption for lighting in the toilets, carparks 
and walkways. The energy shown in the table is solely consumed for lighting the lift 
lobbies, corridors and stairways.  
 
With respect to Table 5.6 below, it is clearly demonstrated that the lighting and lift 
systems are the dominant energy consumers in flatted factory buildings. Although 
“others” category include energy usage by a few building systems, such as pumps, 
mechanical ventilation and plug loads, the possibility that the individual energy 
consumption of pumps and mechanical ventilation could be significant should not be 








BUILDING LIGHTING LIFTS OTHERS 
Class I 
10 Kaki Bukit 
Avenue 1 30.55% 32.77% 36.69% 
2 Loyang Lane 44.14% 14.26% 41.61% 
1022 Tai Seng 
Ave 63.78% 35.64% 0.59% 
998 Toa Payoh 
North 33.73% 19.25% 47.02% 
Class II 
30 Kallang Place 17.78% 20.40% 61.82% 
1090 Lower Delta 
Road 26.91% 41.42% 31.67% 
4 Loyang Lane 34.54% 30.13% 35.33% 





101 Boon Keng 
Road 35.76% 16.89% 47.34% 
Class III 
1003 Bukit Merah 
Central 36.71% 15.36% 47.93% 
25 Kallang 
Avenue 21.64% 12.63% 65.74% 
16 Kallang Place 32.89% 40.49% 26.62% 
1092 Lower Delta 
Road 15.03% 36.42% 48.54% 
 
 
Based on the summarized data in the table above, pie-charts (Figures 5.1, 5.2 and 5.3) 
were plotted to show the percentage electricity consumption of the different end users 
as a whole for all 12 flatted factory buildings and also based on the three different 















Figure 5.1: Energy consumption breakdown for Class I flatted factory buildings 
 






























Figure 5.2: Energy consumption breakdown for Class II flatted factory buildings 
 
Figure 5.4: Energy consumption breakdown for Class III flatted factory buildings 
 







Figure 5.5 shows the energy consumption breakdown of the three classes of 













From the figures above, it is evident that lighting and lift systems account for more 
than 50% of the total electricity consumption of all flatted factory buildings across all 
three classes. The end-user breakdown is generally consistent for all flatted factory 
buildings, irrespective of their energy classes. Under the “others” category, the energy 













































5.1.1.11 Building Systems Performance Metrics 
Performance metrics are designed to explicitly represent project objectives, using 
quantitative criteria, in a dynamic, structured format that provides value across the life 
cycle of a building project. One or more metrics may be defined for any given 
performance objective that building process participants (e.g., owners, designers, 
operators, occupants) wish to specify and track. A guiding principle in defining a 
performance metric is to identify a critical variable that measures, reflects, or 
significantly influences a particular performance objective. To be useful across the 
building project life cycle, each metric must also be capable of being either predicted 
or measured at various stages of the project so that the achievement of each objective 
can be evaluated. 
 
Sets of both benchmark and assessment values are archived for each performance 
metric over the life cycle of a building project. There may be an initial benchmark 
value established in pre-design planning, updated benchmark values and predicted 
assessment values determined during design, short-term measurements from 
commissioning, and long-term monitored values. At any given point in time within 
the life cycle there should be only one specified benchmark value used to evaluate 
current performance with regard to each metric. 
 
For further detailed design for flatted factory building, the consultants may refer to 
system benchmarks as shown in Figure 5.6 and Table 5.7. Performance metrics for 
lighting system, lift systems and ‘others’ category have been developed. Lighting 
performance metrics established in this study are for lighting use in the common 





corridors, stairways and lift lobbies. Lift performance metric is computed based on the 
passenger and cargo life usage. The ‘others’ performance metric includes pumps 
system, mechanical ventilation system and plug loads. 
 
From the benchmark created, a facilities manager is able to set the energy design 
budget for the lighting system, lift systems as well as other systems. This allows them 
to control system design and ensure that equipment and system selection are 
compatible with the target set. As for existing buildings, the system benchmarks 
shows clearly where the building has failed in relation to various classes of building 
and with particular reference to a services system. The energy services engineer can 
develop energy retrofitting strategies to optimize investment return and, if there are 
budget constraints, can handle the retrofitting work in stages to demonstrate the 


















Figure 5.6: System benchmarks developed for flatted factory buildings 
 




























































5.1.2 Field Measurement 
A common misperception contributing to ineffective and inefficient lighting is that 
more light equals higher quality light. The more important criteria is to have the right 
quantity of light. Lighting codes, standards and guidelines have been developed to 
recommend the appropriate illuminance levels for different indoor and outdoor 
activities. These well-established lighting guidelines will help to maintain a certain 
level of visual performance which promotes efficient work, safety and welfare of the 
occupants. The purpose of this objective analysis is to collect measured data that may 
be used as a basis for comparison with standards of performance. With this, it can be 
used to determine if a relighting or upgrade is possible or necessary within the 
constraints imposed by the building owner and existing conditions, for spaces that are 
found to be under-lighted. 
5.1.2.1 Method of Data collection 
The objective measurements include expert walkthrough, visual inspection, plan and 
document analysis, simple and expert instrumentation application. In the performance 
assessment, the results of the objective measurements are compared to code/ 
standards, guidelines, design brief and norms. Guidelines on the standards and criteria 
for the planning of flatted factory building are provided in the building design brief, 
and design handbooks. Professional experience and logic judgment are equally 
essential in the evaluation of the flatted factory building performance. 
 
The various recommended illuminance level by various institution are presented in 
Table 5.8 below and shall be taken as the standard for the purpose of this study.  
 






Table 5.8: Recommendations for lighting performance 
















100 – 200 
 




























The Lighting of vertical 
surfaces is important to 
the appearance of the 
space.  
 
Stairs should be lit to 
provide a contrast 

































5.1.2.2 Measuring Equipment 
Simple instruments are used for the purpose of obtaining illuminance data for 
comparison with the recommended standards and codes shown in Section 5.1.2.1 
above. The information collected is used to supplement the data collected from the 
subjective measurements and expert walkthroughs.  
 
The light meter used to measure the quantity of illuminance in the common area of 
the flatted factory buildings is 51001 Digital Illuminance Meter-YOKOGAWA. The 





light meter has three measurement ranges of 0.0 to 9.9/999/9,990/99,900/999,900 lx. 
It can be locked by a hold button on the instrument to stabilize the readings when they 
are taken. The illuminance was measured at various points in the common spaces. 
This will be elaborated in Section 6.4.2.1. 
 
Complex instruments were not employed in this research. It is totally not feasible to 
place the complex instruments in the common area as it is highly inviting and 
susceptible to theft. The secondary reason is it may cause obstructions and interrupt 
the ordinary flow of work of the occupants.  
 
 
5.1.2.3 Light Level or Illuminance (lux) 
The illuminance is measured for the twelve surveyed buildings during the audit so as 
to determine if levels are appropriate for each space according to current lighting 










RANGE OF ILLUMINANCE (LUX) – PARTLY CLOUDY 
Corridor Lift Lobby Lift Stairway Lavatory 
Class I 
10 Kaki Bukit 
Avenue 1 98 - 1190 100 - 200 123 - 180 30 - 121 172 - 210 
2 Loyang Lane 40 - 1000 22 - 200 91 - 120 123 - 158 N.A. 
1022 Tai Seng Ave 99 - 3500 38 - 140 190 - 240 9 - 120 170 - 250 
998 Toa Payoh North 30 - 4000 50 - 70 120 - 159 60 - 80 134 - 198 






30 Kallang Place 100 -5100 98 - 127 65 - 240 40 - 530 350 - 400 
1090 Lower Delta 
Road 20 -10000 30 - 116 56 - 164 16 - 49 120 - 175 
4 Loyang Lane 77 - 1470 40 - 56 65 - 67 121 - 147 N.A. 
101 Boon Keng Road 45 - 2000 70 - 200 250 - 350 150 - 400 135 - 250 
Class III 
1003 Bukit Merah 
Central 50 - 7760 104 - 248 132 - 200 50 - 190 109 - 145 
25 Kallang Avenue 120 -4070 110 - 340 120 - 211 235 - 450 145 - 191 
16 Kallang Place 18 - 5000 128 - 205 93 - 164 78 - 128 136 - 166 
1092 Lower Delta 
Road 21 - 4560 33 - 66 49 - 88 12 - 43 150 - 200 
 
Generally, the corridor lighting level measured shows a wide range of illuminance, as 
evident in the table above. In corridors that are exposed to strong and direct sunlight, 
the illuminance can reach up to 10,000 lux. By contrast, corridors that are shielded 
from sunlight penetration experience illuminance as low as 21 lux. This is below the 
recommended values stipulated in the codes and standards shown in Section 5.1.2.1.  
 
The lift lobby area has a higher range of illuminance across three classes of flatted 
factory, as compared to the corridor lighting. Even so, the illuminance are still below 
the recommended values stipulated in the codes and standards. The illuminance found 
in the elevators as well as the lavatories are generally accepted and have met the 
recommended values. However, another problem area is the stairways. Some 
stairways are found to have extremely low illuminance. This can pose as a hazard for 
occupants as common mishaps may be caused by misjudging distances due to a lack 
of visibility.  
 





An interesting point to note is that the illuminance level of the common area in Class 
III flatted factory buildings are generally higher than those in Class I and II flatted 
factory buildings.  
 
Figure 5.7 presents the results of the illuminance measurements, shown in lux, 
marked on a floor plan for a Class III flatted factory. The measurements were taken at 
12 p.m. with partly cloudy skies.  
Figure 5.7: Illuminance measurements of one of the audited building 
 
 
> 2000 lux (hori), >400 lux (vert) 
Between 240 lux & 730 lux 
< 75 lux (hori) 
Between 150 lux & 200 lux 






5.2 Subjective Assessment Method 
5.2.1 User Perception Survey 
5.2.1.1 Research Instrument 
The questionnaire and interview techniques are used to assess the overall performance 
from the occupant’s point of view of the landlord common area in flatted factory 
buildings. 
 
The statistical results of the questionnaire survey are especially crucial for the 
merging of objective and subjective assessments of the building. The one-page 
questionnaire survey is conducted at the same time when the objective measurements 
were taken. This is intentional so as to attain more consistent results during the 
reconciliation of the objective and subjective assessments.  
5.2.1.2 Sampling & Data Collection 
Twelve factory buildings of varying energy use intensities are identified for in-depth 
study in relation to occupant satisfaction level. Stratified random sampling is used in 
this study to ensure unbiased response. Stratified sampling techniques are generally 
used when the population is heterogeneous, or dissimilar, where certain 
homogeneous, or similar, sub-populations can be isolated (strata). In the case of 
flatted factories, the estimates of the population parameters are wanted for each sub-
population i.e. from the three different classes of flatted factory buildings, which 
makes stratified random sampling more appropriate. Stratified sampling was also 
chosen over simple random sampling because confidence intervals will be narrower 





for stratified sampling than for simple random sampling of the same population. To 
evaluate occupant’s opinions on lighting performance of the three different classes of 
flatted factories, occupants at Class I, Class II and Class III flatted factories were 
interviewed using a short questionnaire containing five questions, excluding 
demographic questions. At each factory, a sample size of 30 participants was 
obtained. A greater number (30 or more) of respondents makes it possible to conduct 
statistical analyses on the reliability of questions if it is important to do so.  
5.2.1.3 Questionnaire Design 
The final questionnaire used was one page in length (A4 paper) and the respondents 
required less than five minutes to fill it out. It consisted of the following blocks of 
questions/information:  
 
a. General information such as date, daylight conditions, and location of the 
respondent in the building 
b. Profile of the respondent (gender, age, shift schedule, start date since 
respondents have been in this building) 
c. Visual Performance - Perceived adequacy of lighting levels in the common 
area (corridor, lift, lift lobby, toilet, stairway, loading bay, carpark) 
d. Spatial Performance - Perceived adequacy of corridor space and layout 
effectiveness.  
e. Performance of the vertical transportation system (lift usage level and lift 
speed) 
f. Indoor air quality & ventilation system of lavatories in the common area  
g. Comments given freely by respondents.  






In the design of the questionnaire, the profile of the occupants or respondents working 
in these flatted factory buildings was strongly considered. As such, the questionnaire 
was intentionally kept as simple as possible as respondents are usually blue-collared 
workers working in surveyed buildings. Questions are kept very clear and concise as 
wordy or complex questions can confuse or turn these respondents off. Technical 
terms were avoided if possible and the vocabulary used was kept as simple as possible 
so it can best be understood by lay persons. Minimum amount of absolutely essential 
demographic information are asked. The questions demanded mainly simple ‘Yes’ or 
‘No’ responses. In some cases reasons are solicited when the respondents feel very 
strongly about certain issues.  
 
Surveys often have problems with unclear wording, confusing design, questions that 
are difficult to understand, and typos that could easily be corrected by a small pilot 
test. The questionnaire was piloted with four facility management personnel of flatted 
factory buildings to determine their perceptions and to minimize bias before actual 
implementation of the revised questionnaire on the occupants. They were asked to 
comment on the format, language clarity and suitability of the questions to ensure that 
the instructions were easily understood. Following some suggestions, minor 
adjustments and improvements were made on the questionnaire. 
5.2.1.4 Method of Data collection 
The person-to-person approach ensured that the respondents could understand the 
questions and thereby achieve more accurate responses with a high rate of return. A 
cover letter is not attached to the survey because the introduction to this survey is 





verbal. The interviewers will explain to the respondents where they are from, the 
purpose and duration of the survey. As the content can be controversial or sensitive, 
the respondents were assured of the strict confidentiality & anonymity of the 
responses.  
 
The survey questionnaire is given in Appendix B. The data was collected 
simultaneously whilst the objective measurement was being carried out. This is 
intentional so as to attain more consistent results during the reconciliation of the 
objective and subjective assessments. To enhance the accuracy of the survey results, 
the exact storey where the respondents did the survey were noted at the top of the 
questionnaire. The weather conditions at the time when the survey was conducted 
were also recorded. 
5.2.1.5 Data Analysis Tools 
The data collected from the self-report survey was analyzed using Microsoft Excel 
software. In carrying out data analysis, univariate procedures were used. These 
consisted of frequencies, cross tabulations, mean comparisons and descriptives. The 
quantitative responses were tabulated in percentages and some are presented in pie 
charts. Histograms with horizontal bars are used. Also, ANOVA (Analysis of 
Variance) were used to analyze differences in visual performance across the three 
different classes of flatted factories. 
5.2.1.6 Limitations of the subjective analysis 
It is critical to always identify the limitations of each study, so that the findings can be 
interpreted based on them.  In the case of the subjective analysis of the questionnaire 
survey, the results and findings are bounded by three main limitations. Firstly, all 





statistical tools for analyzing data have their limitations one way or the other, as such; 
serious effort should be exerted in trying to choose the appropriate statistical tool for 
your data analysis. Secondly, the accuracy of the results and findings from the 
questionnaire surveys is very much dependent on the respondents. The more serious 
the participants are in filling up the survey, the results would be deemed to be more 
accurate. Hence, it must be highlighted that the way the participants choose to 
respond to the questionnaire is often beyond the control of the researcher. At the same 
time, this limitation must be acknowledged.  
 
Thirdly, this subjective study is also constraint by the limited number of responses. 
Some respondents cited no interest and confidentiality as their main reasons for not 
participating in the questionnaire survey and their decision were respected. Some 
cited time constraint as one of the reasons for not filling up the survey. Indeed, 
difficulties were faced in eliciting responses from the occupants. While the final 
product and outcome of this subjective analysis is significant, the process and 
procedures in achieving it are is as important as well.  
5.2.1.7 Overall Visual Performance  
Overall, satisfaction levels were generally high. All three classes of flatted factory 
buildings achieved satisfaction level of lighting adequacy above 90% as shown in 
Figure 5.8. Most respondents in Class I, II and III flatted factory building were 
satisfied with amount of light provided in the common area. It is interesting to note 
that respondents in the Class I and II flatted factory buildings were least satisfied with 
the lighting adequacy, as compared to Class III buildings.  
 







Figure 5.8: Lighting adequacy of common area in three classes of flatted factory 
building 
Lighting adequacy of common area
















Percent of satisfied responses for lighting adequacy
 
 
Analysis of Variance (ANOVA) was carried out using Microsoft Excel to compare 
the visual performance across three classes of flatted factory buildings. Results of 
ANOVA are as follows: 
 
Table 5.10: Analysis of Variance (ANOVA) results 
 
Using the 0.05 level of significance, to determine whether there is evidence of 
differences between the visual performance of Class I, Class II and Class III flatted 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Between Groups 0.862245 1 0.862245 3.866421 0.057469 4.130015 
Within Groups 7.58229 34 0.223009    
       
Total 8.444535 35         
       





factory buildings, the decision is to reject the null hypothesis of no differences 
between the visual performance of the three classes if the F statistic is greater than 
4.13, the approximate upper tail critical value from the F distribution with 6 degrees 
of freedom in the numerator and 34 degrees of freedom in the denominator. From the 
corresponding ANOVA summary table and p-value obtained from Microsoft excel as 
presented in the figure above, as the F-statistics = 3.87 < Critical F = 4.13 or from the 
p-value = 0.057 > 0.05, the decision is to not to reject the null hypothesis. Therefore it 
could be concluded that there is no insufficient evidence of a difference between the 
visual performances across the three classes of flatted factory buildings. 
 
The major reasons that may have led to the ANOVA results above and similar visual 
performance across the three classes of flatted factory buildings are: 
 
a. Same ambient lighting was used. The type fluorescent lamps used in the 
common spaces of the flatted factory buildings are usually the same. These 
lamps were arranged in the ceiling in the same way as well. 
b. The common areas of all the surveyed buildings are naturally ventilated 
and the building designs are standardized, thus allowing similar amount of 
daylight in the open spaces. 
c. No control or occupant sensors are used in the surveyed buildings.  
d. The lighting systems operate based on the same time schedule.  
5.2.1.8 Visual Performance of Different Spaces in Common Area 
The visual performance is further investigated in terms of the various spaces in the 
common area. The common area is broken down into corridor, lift lobby, lift, 







































lavatories, stairway, loading bay and carpark area. Survey results showed that 
respondents are generally less satisfied with the lighting adequacy along the corridors, 
at the lift lobbies as well as stairways of the flatted factory buildings. This response is 
unanimous across all three classes of factory buildings, as evident in Figure 5.9. This 
implies that these three spaces in the common area have potential for improvement in 
the visual performance. Respondents in Class III flatted factory buildings generally 
reported higher ratings of lighting satisfaction in the different spaces of the common 
area.  
 
Figure 5.9: Lighting adequacy of specific common area 
 
 





5.2.1.9 Overall Building Performance  
The user satisfaction survey revealed that the respondents are highly satisfied with the 
spatial performance. Generally, adequate capacity has been provided to move goods 
and people efficiently along the corridor (See Figure 5.10).   
 
The short term energy monitoring results indicate that the lift system is the second 
largest contribution to the total energy consumption in a flatted factory building. As 
such, the view of the respondents on lift energy performance is also sought on 
parameters that influence the elevator performance such as average flow volume and 
average speed. Findings from the survey indicate that there is a greater percentage of 
respondents (75%) in the Class III flatted factory buildings who perceive that the 
elevators are heavily used as compared to 64% in Class I flatted factory buildings. As 
it is natural for service systems to age and provide problems in the operation of the 
building, respondents are asked the elevator speed. The survey noted that respondents 
are satisfied with the speed of the lifts as they understood the fact that cargo as well as 
passenger lifts are often used for the transportation of goods. A minimum satisfaction 
level of 80% on the elevator speed is achieved for all surveyed buildings.  
 
The occupant survey shows moderate satisfaction level towards the toilet ventilation. 
About 70% of the respondents on Class II and Class III flatted factory buildings feel 
that the toilets are generally well-ventilated. A higher satisfaction level of 80% was 























Q3. Are the lifts
heavily used most
of the time?
Q4. Is the lift
speed
acceptable?
















CLASS I CLASS II CLASS III
Figure 5.10: Comparison of responses of the 3 classes on building performance 
 
5.2.1.10 Additional free comments from occupants 
In their open-ended comments, some respondents expressed concerns about the 
insufficient illuminance levels in the common areas. They felt that good lighting 
levels can help to deter crimes and enforce a greater sense of security in them.   
 
Although only feedback on the air quality and ventilation of the lavatories are sought, 
other restroom issues are mentioned by some respondents. These included requests for 
more frequent restocking of supplies and cleanliness of the lavatories. Other tenants 





indicated that they experienced problems earlier but that both maintenance of supplies 
and hygiene had improved. 
 
Some respondents had dissatisfied comments about the responsiveness of the building 
manager and his staff. They mentioned the technical staff is slow to rectify any 
problems that arise in the common services. These problems include faulty elevators 
and replacement of lamps. 
 
The elevators were severely criticized by only a few respondents in terms of waiting 
time, principally regarding the slowdown at peak hours and also due to many 
interruptions, especially between floors due to loading of goods. Some respondents 
also mentioned that the misuse of passenger lifts to transport goods also contributed to 
the long waiting time. 
 
5.3 Summary 
As mentioned earlier, lighting is a significant expense in operating the flatted factory 
buildings. As shown from the energy monitoring results, lighting is found to be the 
largest cost component of a flatted factory building’s electricity bill and a significant 
portion of its total energy bill. Hence, the investigation of visual performance, through 
objective and subjective analysis, warrants most attention and emphasis.  
 
The purpose of reconciling the results from subjective and objectives analysis is to 
achieve an inclusive conclusion about the building performance in flatted factory 
buildings. The resolution of these two analyses will help to identify the specific 
common area that warrants attention from building owners or facility managers to 





ensure that sufficient light is provided for the safety and security of occupants and 
visitors. 
 
From the results derived from the objective measurements, the illuminance level at 
the corridor, lift lobbies and stairways of the survey factory buildings are either at or 
below the lower end of the recommended lighting levels specified in codes. This 
objective finding is in agreement with the objective result shown in Section 5.1.2.1. 
The respondents who took part in the user satisfaction survey are least satisfied with 
the visual performance in the corridors, lift lobbies and stairways as well.  
 
With the reconciliation of subjective and objective results, a list of areas identified as 
under-lighted safety situations is highlighted. In the case of a lighting upgrade, these 












EFFECTIVENESS OF  
ENERGY CONSERVATION TECHNIQUES 
 
 
Energy efficiency guidelines for new and existing buildings have been published by 
various national and international organizations (CIBSE, 2004; Balaras, 1994). These 
guidelines target more effective use of energy in the buildings. However, not every 
single recommendation can be successfully replicated and implemented. The 
effectiveness of retrofitting scenarios on the energy performance of a particular 
building still depends on its specific characteristics related to its physical structure, its 
current building systems, operational features and relation to the surrounding 
environment. The feasibility of implementing energy conservation measures also 
depends on its energy savings and economic viability. As the lighting system 
dominates the energy consumption in these naturally-ventilated flatted factory 
building and the visual performance is of utmost performance to occupants, a number 
of retrofitting scenarios focusing on lighting efficiency is proposed and evaluated. The 
effectiveness of a few interventions on the energy performance is assessed through 
economic viability calculations as well as building simulations.  
 
6.1 Identified Energy Conservation Measures (ECMs) 
With the increasing cost of generating electricity, there is a need to focus on energy 
savings in the daily operations of common services in flatted factory buildings. Unlike 
all other services like elevator and water pumps, which are largely dependent on the 
usage frequency of the occupants, common lighting has a fixed schedule of operation. 
As it is also the dominant consumer of electrical energy in flatted factory buildings, 





the potential energy saving measures identified based on the findings of the audit with 
estimated savings are presented in this section will focus mainly on the lighting 
system. There is no single panacea and no single lighting system can be recommended 
exclusively. Energy savings potential measures for vertical transportation as well as 
the pump systems is also assessed for its effectiveness.  
 
The lighting is designed to provide essential lighting for common areas such as 
corridors, lift lobbies, staircases, lavatories and elevators. Lamps used are energy 
efficient fluorescent type lamps. The lighting circuits are turned on from about 
7.00pm till 7.00am the next morning by means of timer control. Based on the 
measurement of lighting (lux) levels in the blocks, the lux levels were noted to be 
generally below the values recommended in the code of practice (CP38 ) for lighting 
and international standards.  
 
Table 6.1: Proposed Energy Conservation Techniques to improve the Visual 
Performance 
Critical Lighting Issues Proposed Energy Conservation Techniques 
Method of Effectiveness 
Evaluation 
 
 Insufficient lighting 
level at corridors, 
stairways, lift lobbies. 
 
 Lighting disuniformity 
along corridors 
 
 Daylighting is under-
utilised 
 
 Lighting system is the 
dominant energy 




 Ensure lighting is not 
switched on for too long 
 
 Presence-based lighting 
 
 Electronic Ballasts 
 
 Replacing T8 lamps with 
T5 lamps 
 
 Photovoltaics Integration 
 
 Increase Artificial 
Lighting  
 








Life Cycle & Cost Analysis 
 
Life Cycle & Cost Analysis 
 
 












The energy conservation techniques for the major building system are assessed for 
their feasibility and effectiveness. However, the major controllable energy consumer 
is the lighting system so more emphasis will be placed on the retrofit and 
recommendations analysis to improve the lighting system performance (see Table 
6.1). 
  
6.2 ECM 1: Ensure lighting is not switched on for too long 
One of the simplest ways is to ensure lighting is not switched on for too long. 
Lighting in outdoor areas or stairwells is usually controlled by a timer. It is important 
to ensure that the timers are set correctly for different times of the year so that they 
are not left on during daylight hours. It is noticed that lamps in the corridors are 
sometimes turned on despite the high illuminance provided by the daylight. Lighting 
consumption can be reduced by reducing the operating hours such as switching-off 
earlier on switching-on later. Reducing common light use by 2 hours a night could 
give almost S$3.00 per year per 18W fluorescent tube. However, this could 
compromise lighting levels during certain days (cloudy / rainy days) and is therefore 
not recommended for general implementation. 
 
6.3 ECM 2: Presence-based lighting 
Lighting in the common area operate based on timer with a fixed schedule. For 
security reasons and also due to lack of control over the operating hours, the lighting 
system in the flatted factory buildings are switched on for a lengthy and fixed amount 
if time. To cut the unnecessary wastage of energy, presence-based lighting (light 
sensors) can be introduced. Presence-based lighting is a highly flexible detection 
system which ensures lights are switched off automatically when not required. It 





contains a passive infrared detector which senses body movement. When movement is 
detected and there is insufficient natural light, the control unit switches lights on. An 
adjustable timer is incorporated in the unit to maintain lighting during periods of 
inactivity. When the area is vacated, the lights will be switched off. Lights will not 
switch on again until the area is occupied once more. Moreover, if there is sufficient 
natural light, lights are off and if the area is unoccupied, lights are off. If there is 
insufficient light in an occupied area, lights are switched on (Leslie, 2003).  Savings 
are made by ensuring that lighting is only energized when required. 
 
6.4 ECM 3: Electronic Ballasts 
Ballasts are an essential component of any fluorescent lighting system, providing a 
controlled current to the fluorescent tubes. In an office or industrial setting, the 
standard type of ballast used for the last few decades is an electro-magnetic type, 
which unfortunately produces a number of negative side-effects. Hence, when solid-
state electronic ballast became available to the market, it started to replace the use of 
its conventional magnetic counterparts. The use of electronic ballast over magnetic 
ballast can have an indirect bearing on the electrical bill as well. For example, 
majority of the energy that comes from the electronic ballast is converted into light. 
There is very little wastage loss through heat. However, traditional ballast wastes a 
considerable amount of the energy input into it, in the form of heat (Persson and 
Kuusisto, 1998).  
 
Magnetic ballasts are designed to condition the 60-Hz input power to the electrical 
requirements of the lamps. The magnetic ballast alters the voltage and current, but not 
the frequency. Thus the light output of the lamp connected to the ballast is turned on 





and off 120 times each second. This oscillation of light or flicker is felt when light is 
seen in relation to another flickering object, like a computer screen or rotating object. 
Flickering can cause physiological problems such as eyestrain and headaches in 
sensitive individual (Helms and Belcher, 1991). 
 
Since the flatted factory buildings still utilized the conventional magnetic ballasts, it is 
recommended that they are replaced with electronic ballasts to reduce ballast losses 
which will have an impact on the electricity bill. The price of highly efficient 
electronic ballast can be essentially higher than a conventional magnetic one. 
Therefore, it is important to assess the economic feasibility of choosing the former 
over the latter. A comparison between the conventional magnetic ballast and 
electronic ballast will be made in terms of payback calculation and energy cost 
savings is computed below. Block 1092 Lower Delta Road which uses about 300 T8 
18W fluorescent lamps will be used as a case study for calculation purposes. 
 
  Assumptions:  
• Upgrading from magnetic ballast to T8 electronic ballast    
• 4380 burn hours per year based on a 12-hour operating schedule   
• Electricity usage charge is S$0.21/kWh (all rate blocks are same, 
and there is no difference between day and night rates)  












Table 6.2: Payback calculation for replacing conventional ballasts with electronic 
ballasts in Block 1092 Lower Delta Road for 1 x 18W fluorescent fitting 
 
s/n Point of comparison  Calculation formula  Unit Conventional Ballast 
Electronic 
Ballast 
1 Lamp watts (W) Lamps power rating & 
operating freq. dependent W 
18 
(1 x 18W) 
18 
(1 x 16W) 
2 Ballast loss (W) Ballast dependent W 6 (1 x 6W) 
3 
(1 x 3W) 
3 Total system power No. 1 + No. 2 W 24 21 
4 Load reduction in using electronic ballast From No.3 W - 3 
5 Aircon reduction using electronic ballast (50% of load reduction) 50% of No.4 W - 0 
6 Total energy reduction in using 
electronic ballast No. 4 + No. 5 W - 3 
7 Energy saving for 4380hrs/yr 
operation (12 hours per day) No. 6 ÷ 1000 x 4380 kWh - 13.14 








Cost of conventional control gear 
 
Conv. Ballast (S$8.00 each) 
Starter + Holder (S$1.00 each) 







1 starter + 1 holder 
1 power factor cap.  
 

















10 Cost of electronic ballast Electronic ballast selling price S$  24.00 
11 Extra investment in using 
electronic ballast No. 10 + No. 9 S$  12.00 
12 Payback period in years No. 11 ÷ No. 8 Yrs  4 
 
 





Figure 6.1: ROI for for replacing conventional ballasts with electronic ballasts in 
Block 1092 Lower Delta Road for 1 x 18W fluorescent fitting 
 
From Table 6.2, the payback period can be achieved within 4 years of operation. By 
performing the return on investment analysis, the feasibility of undertaking the 
lighting retrofit can be determined through the return value for the life of the 
investment. Over the economic life of electronic ballast for 10 years operation, a 
return surplus per fitting can be as high as $16 as presented in Figure 6.1.  On the 
same note, for a conventional ballast operation, the mirror effect will be a big negative 
deficit of the similar or higher cost due to expected increase energy bill. In 
undertaking a lighting retrofit by replacing conventional magnetic ballast with using 
electronic ballast for 1 x 18W fluorescent fitting, the annual savings that can be 
achieved are found to be $2,959.42 (See Table 6.3). Over and above the cost saving 
and earning potential, other benefits and advantages can be enjoyed by using 
electronic ballast as summarized below. 
 Comfort of flicker free, no stroboscopic effect of high frequency 
operation. 






















 Instant start flicker free ignition and safety auto shut down of defective 
lamps. 
 Less lamp replacement due to prolong lamp life (50% more). 
 Less maintenance cost. 
 Ease of installation and light weight. 
 Less heat dissipation. 
Table 6.3: Energy savings for replacing conventional ballasts with electronic 
ballasts in Block 1092 Lower Delta Road for 1 x 18W fluorescent fitting 






A No. of Luminaires  pcs 300 300 
B Configuration 
 
 W 1 x 18W 1 x 18W 
C Circuit wattage per luminaire  W 24 21 
D Annual hours burned  hrs 
 
4380 4380 
E Total circuit wattage A x C / 1000 kW 
 
7.20 6.30 
F Annual energy consumed D x E kWH 
 
31,536 27,594 
G Average electricity tariff  $/kWH 0.21 0.21 






I Lamp replacement cost i/c lamp  S$ 12 14 
J Annual energy costs F x G S$ 6,622.56 5,794.74 
K Annual lamp costs A x D x I/H 
 
S$ 3,153.60 1,022.00 
L Annual operating costs J + K S$ 9,776.16 6,816.74 
M Annual savings  S$ 0 2,959.42 
 
Saving as % of conventional 
ballast operation  % 0 30 






6.5 ECM 4: Replacing T8 lamps with T5 lamps 
Energy savings can be achieved if T5 lamps are used instead of T8 lamps. The 
superiority in optical efficiency of T5 luminaires over T8 luminaires may reduce 
electric energy use slightly. Another advantage of T5 lamps over T8 lamps is that the 
higher light output of T5 lamps may reduce the number of luminaires per project. T5 
lamps have greater luminous flux per unit length than standard T8 lamps. T5 lamps 
have higher lumen maintenance as compared to T8 lamps. Lumen maintenance refers 
to how a lamp maintains its light output over its lifetime. 
 
It is essential to evaluate the economic feasibility of replacing T8 lamps with T5 
lamps. A comparison between the current T8 lamps conventional magnetic ballast 
(which is normally used in flatted factory buildings) and T5 lamps using electronic 
ballast will be made in terms of payback calculation and energy cost savings as 
compulted below. Block 1092 Lower Delta Road which uses about 300 T8 18W 
fluorescent lamps will be used as a case study for calculation purposes. 
 
 Assumptions:  
• Replacing T8 lamps using conventional magnetic ballast with T5 
lamps using electronic ballast  
• 4380 burn hours per year based on a 12-hour operating schedule   
• Electricity usage charge is S$0.21/kWh (all rate blocks are same, 
and there is no difference between day and night rates)  
• Costs of ballasts are assumed 





Table 6.4: Payback calculation for replacing T8 lamps using conventional 
magnetic ballast with T5 lamps using electronic ballast in Block 1092 Lower 
Delta Road for 1 x 18W fluorescent fitting 
 









1 Lamp watts (W) Lamps power rating & 
operating freq. dependent W 
18 
(1 x 18W) 
14 
(1 x 14W) 
2 Ballast loss (W) Ballast dependent W 6 (1 x 6W) 
3.5 
(1 x 3.5W) 
3 Total system power No. 1 + No. 2 W 24 17.5 
4 Load reduction in using electronic ballast From No.3 W - 6.5 
5 Aircon reduction using electronic ballast (50% of load reduction) 50% of No.4 W - 0 
6 Total energy reduction in using 
electronic ballast No. 4 + No. 5 W - 6.5 
7 Energy saving for 4380hrs/yr 
operation (12 hours per day) No. 6 ÷ 1000 x 4380 kWh - 28.47 








Cost of conventional control gear 
 
Conv. Ballast (S$8.00 each) 
Starter + Holder (S$1.00 each) 







1 starter + 1 holder 
1 power factor cap.  
 

















10 Cost of electronic ballast Electronic ballast selling price S$  26.00 
11 Extra investment in using 
electronic ballast No. 10 + No. 9 S$  14.00 










Figure 6.2: ROI for replacing T8 lamps using conventional magnetic ballast with 
T5 lamps using electronic ballast in Block 1092 Lower Delta Road for 1 x 18W 
fluorescent fitting 
 
From Table 6.4, the payback period can be achieved within 2.3 years of operation. By 
performing the return on investment analysis, the feasibility of replacing T8 lamps 
using conventional magnetic ballast with T5 lamps using electronic ballast can be 
determined through the return value for the life of the investment. Over the economic 
life of electronic ballast for 10 years operation, a return surplus per fitting can be as 




































Table 6.5: Energy savings for replacing T8 lamps using conventional magnetic 
ballast with T5 lamps using electronic ballast in Block 1092 Lower Delta Road 
for 1 x 18W fluorescent fitting 
 






A No. of Luminaires  pcs 300 300 
B Configuration  W 1 x 18W 1 x 18W 
C Circuit wattage per luminaire  W 24 17.5 




E Total circuit wattage A x C / 1000 kW 7.20 5.25 




G Average electricity tariff  $/kWH 0.21 0.21 
H Economic lamp life  hrs 5000 16000 
I Lamp replacement cost i/c lamp  S$ 12 20 
J Annual energy costs F x G S$ 6,622.56 4,828.95 
K Annual lamp costs A x D x I/H S$ 3,153.60 1,642.25 
L Annual operating costs J + K S$ 9,776.16 6,471.45 
M Annual savings  S$ 0 3,304.71 
 
Saving as % of conventional 
ballast operation 
 % 0 34 
 
 





The most commonly used lamp in flatted factory buildings is the 1 x 18W fluorescent 
fitting. Assuming all twelve audited flatted factories undertake a lighting retrofit by 
replacing T8 lamps using conventional magnetic ballast with T5 lamps using 
electronic ballast for 1 x 18W fluorescent fitting, the annual savings that can be 
achieved are found to be $56,863.04 with 2.3 years payback period. The annual 
savings in economic terms as well as in energy units (kWh/m3/year) for each flatted 
factory are summarized in Table 6.6 and Figure 6.3 below. The detailed method of 
calculation is as shown in the previous example above.  
Table 6.6: Energy cost savings for replacing T8 lamps using conventional 
magnetic ballast with T5 lamps using electronic ballast in all twelve audited 
flatted factories for 1 x 18W fluorescent fitting 
 
 
BUILDING CLASS FLATTED FACTORY BUILDING ANNUAL SAVINGS (S$) 
Class I 
10 Kaki Bukit Avenue 1 8,349.90 
2 Loyang Lane 2,203.14 
1022 Tai Seng Ave 5,001.13 
998 Toa Payoh North 3,425.88 
Class II 
30 Kallang Place 7,116.14 
1090 Lower Delta Road 5,717.15 
4 Loyang Lane 2,203.14 
101 Boon Keng Road 2,423.45 
Class III 
1003 Bukit Merah Central 738.05 
25 Kallang Avenue 7,259.35 
16 Kallang Place 9,121.00 
1092 Lower Delta Road 3,304.71 
TOTAL ANNUAL SAVINGS (S$) 56,863.04 
 






Figure 6.3: Energy savings (kWh/m3/year) for replacing T8 lamps using 
conventional magnetic ballast with T5 lamps using electronic ballast in all twelve 





6.6 ECM 5: Photovoltaics Integration 
6.6.1 Solar Radiation in Singapore 
All of Singapore’s electricity is produced with imported fossil fuels. Thus, in order to 
move a step forward towards a more self sufficient or sustainable city, a need to tap 
into the inexhaustible source of energy would seem to be a reasonable option. 
 
As stated earlier that Singapore is located near to the Equator, the sunlight over the 
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mean annual global radiation of 1627.9kWh/ m2 more than 300 days of a year have 
their mean annual daily solar radiation greater than 3kWh/m2 which allows for 
efficient use of photovoltaics (Rao, 1987). However, one problem exists, that is, 
Singapore has a rather high percentage of cloud cover. On the other hand, this does 
not deny the fact that Singapore has a number of favourable conditions for the 
application of building- integrated photovoltaics. 
 
The paramount consideration in photovoltaic design is the knowledge about the solar 
irradiance on a specific site. Therefore, hourly data will be necessary so as to consider 
the maximum and minimum radiation of a day, and also on a monthly basis. Data of 
more than 10 years will be used for this purpose. 
 
Table 6.7 shows the mean daily global and diffuse solar radiation for clear and 
average days in Singapore; this is based on 10 years averages and is in MJ/m2/d (the 
original unit taken from the data by Rao, 1987). As shown, on clear days, the annual 
mean value of daily diffuse radiation is 4.31MJ/m2/d. The diffuse component 
accounts for about 18% and 43% of the global radiation for clear days and average 
days respectively. Clear days are days with more than 9 hours of sunshine and those 













Table 6.7: The mean daily global and diffuse solar radiation on a horizontal 
surface for clear and average days in Singapore (Rao, 1987) 
Month 















Jan 23.71 4.18 0.176 16.08 6.85 0.426 
Feb 25.09 4.38 0.175 17.5 7.11 0.406 
Mar 25.54 4.48 0.176 17.85 7.18 0.402 
Apr 24.69 4.42 0.179 16.85 7.16 0.425 
May 23.26 4.28 0.184 15.74 6.77 0.43 
Jun 22.53 4.2 0.186 15.62 6.5 0.416 
Jul 23.07 4.25 0.184 16.24 6.58 0.405 
Aug 24.41 4.39 0.18 16.06 6.91 0.43 
Sept 25.25 4.47 0.177 16.31 7.14 0.438 
Oct 24.83 4.38 0.177 16.12 7.25 0.45 
Nov 23.62 4.22 0.179 14.69 7.17 0.488 
Dec 22.93 4.1 0.179 13.72 7 0.51 
Annual Mean 24.08 4.31 0.179 16.06 6.97 0.434 
 
To achieve the total solar radiation on a horizontal surface for a chosen day of a 
month, the unit MJ is converted into kWh (1kWh=3.6MJ) and only global solar 
radiation is considered. Refer Table 6.8 for total solar radiation on a horizontal 
















Table 6.8: Total solar radiation on a horizontal surface in kWh/m2 for clear and 
average days in Singapore (Author’s own) 
Month Total For Clear days kWh/m2 Total For Average days kWh/m2 
Jan 6.59 4.47 
Feb 6.97 4.86 
Mar 7.09 4.96 
Apr 6.86 4.68 
May 6.46 4.37 
Jun 6.26 4.34 
Jul 6.41 4.51 
Aug 6.78 4.46 
Sept 7.01 4.53 
Oct 6.90 4.48 
Nov 6.56 4.08 
Dec 6.37 3.81 
Average daily solar radiation 6.69 4.46 
 
6.6.2 Integrating Photovoltaics in Industrial Buildings 
By performing energy-efficient lighting upgrades, energy consumption for the 
lighting system is reduced. To adequately meet the industrial landlord’s low energy 
target, further reduction of energy consumption can be achieved by incorporating the 
use of photovoltaics (PV). Coupled with the gradual fall in the cost of photovoltaic 
panels, it is most promising to harness solar power in a tropical country with constant 
overhead sunlight all year round like Singapore. The feasibility of implementing PV 
systems in buildings in Singapore is examined from two aspects, (1) energy savings 
and (2) the economics (life-cycle costing) of introducing the photovoltaic system into 
the factory building.  
 
Life Cycle Cost (LCC) is defined as the sum of the Present Worths (PWs) of all 
components in the PV system. LCC takes into account all costs associated with the 
PV system over its lifetime. LCC helps to determine if the choice is economical. To 
calculate the LCC, the following assumptions must be made. 






 PV modules mounted horizontally on a roof to maximize solar radiation 
 No self-shading/shading by surrounding buildings. 
 75W crystalline silicon modules, efficiency of 13% with area of 0.6324m2 is used 
 Life span of PV system is 30 years 
 Annual inflation rate (i) is 1% & Discount rate (d) is 10% in Singapore 
 Roof space of 800 m2 
 A conservative value for average daily solar radiation of 4.46 kWh/ m2 is used  
 Cost of 75W PV module is S$750 (price provided by local company) 
Energy Generated by PV system 
 
Energy produced by PV systems per day  
= surface area x 13% x average daily solar radiation    Eqn 1 
= 800 m2 x 13% x 4.46 kWh/m2 = 463.84 kW  
Life Cycle Costing (LCC) of PV system 
 
Cost of PV modules = Number of modules on roof x S$750  Eqn 2 












Table 6.9: Life Cycle Costing of PV system 
 
LCC of PV System 
Component Initial Cost (Co) Present Worth Factor (Pr) Present Worth (PW) 
PV Modules S$948,767 1 S$948,767 
Inverter S$4,000  1 S$4,000  
Inverter 5 yr S$4,000  0.652594551 S$2,610  
Inverter 10 yr S$4,000  0.425879648 S$1,704  
Inverter 15 yr S$4,000  0.277926737 S$1,112  
Inverter 20 yr S$4,000  0.181373474 S$725  
Inverter 25 yr S$4,000  0.118363341 S$473  
Annual Maintenance S$100  10.35538107 S$1,036  
LCC     S$960,427 
 
Annualized Life Cycle Cost (ALCC) 
This is the total LCC expressed in terms of cost in a year. However, the LCC cannot 
be simply divided by the number of years as this takes no account of the change in 
value of money due to inflation and interest rates. 
ALCC   = LCC / Cumulative Present Worth Factor  Eqn 3 
   = S$960,427 / 10.355 = S$92,750 
 
Unit cost of electricity 
 
Elec. Cost (S$/kWh)= ALCC (S$/year) / Energy supplied (kWh/year) Eqn 4 
   = S$92,750 / (463.84 kW x 365)  = S$0.55 per kWh 
 
With an aim to build low-energy buildings, most of the electric energy, if not all, can 
be produced by photovoltaic installation, as illustrated above. The highly favourable 





climatic conditions can maximize the use of photovoltaics, integrating PV systems 
into a building becomes a viable solution towards environmentally friendly building 
with little or no energy bill. However, the payback period of about 20-30years makes 
this option not economically viable. 
 
6.7 ECM 6 & ECM7:  Increase Artificial Lighting &  
     Suspended Artificial Lighting 
6.7.1 Brief Introduction 
Computer based modeling and simulation is gaining importance in the prediction of 
the energy and environmental performance of buildings and the services systems 
within them (Henson, 2001). Computational lighting simulations can predict indoor 
illuminance more accurately than manual methods (Galasiu AD, Atif MR, 2002). As 
such, this study seeks to evaluate the effect that various lighting designs have on the 
visual performance of flatted factory buildings. The prediction capability and the 
difficulties encountered during the simulation process are taken into consideration.  
 
The purpose is to conduct a lighting analysis of common area within a flatted factory 
building in Singapore. The analysis of the flatted factory building was done to provide 
an appropriate balance between natural and electrical light sources, to provide the best 
environment for occupants and to find a lighting scheme that compliments the design 
concept while recognizing economic and environmental concerns.  
 
The other significant concern outside the more functional concerns is the aesthetic 
component. Ideally, the intention is to develop a lighting scheme that compliments the 





design concept of the flatted factory building. This will include considering issues of 
design, and construction. This becomes particularly important when considering the 
corridors which have cable trays, tenants’ air-conditioning units and the fire sprinkler 
system at the ceiling level (see Figure 6.4). The manner in which these are 
accentuated and the way in which the lighting must be constructed with them will be 
addressed as part of this project. 
Figure 6.4: A picture of the corridor ceiling of the simulated case study building 
 
6.7.2 Methodology 
6.7.2.1 Simulation procedure 
This study made use of ECOTECT software for examining the three proposed lighting 
scenarios. The ECOTECT software was well suited to this purpose because of the 
rectilinear arrangement of building elements in the project. ECOTECT can be used 





for natural lighting and electrical lighting studies. The sun angle and shadow tools 
built into the software made it a good choice for preliminary studies on daylighting 
conditions. It is also used for the layout and selection of electrical lights. ECOTECT 
is a tool with quantitative output, usually using simple algorithms to predict daylight 
factor or light transmittance. ECOTECT uses the BRE Daylight Factor method for 
daylighting calculation and the Point-to-Point method for electric lighting. ECOTECT 
offers a wide range of display options are provided for the analysis grid. These range 
from 3D mesh plots to fully colored contour maps. It features a designer-friendly 3D 
modeling interface fully integrated with acoustic, thermal, lighting, solar and cost 
analysis functions. 
6.7.2.2 Description of case study 
The case study is a 7-storey high L-shaped flatted factory located in a sub-urban 
industrial estate. The selected flatted factory building comprises about 30% of 
common area which is also the area of concern in this study. The floor plan of the 
selected flatted factory building is shown in Figure 6.5 below. Sun-shading devices 
have been installed since the start of construction in this flatted factory building which 















Figure 6.5: Floor plan of the simulated case study building 
 



















Currently, lighting is provided by Osram standard L18/10 T8 fluorescent lamps with 
conventional ballasts, as is typical in most flatted factory buildings. The lighting 
control is centralized. The lighting services for the lift lobby is on a 24-hour schedule. 
The common corridor operates from 7am to 7pm. After 12am, the lighting provided 
are cut off by half. For example, alternate lamps will automatically be turned off. The 
carpark operates for 12 hours, from 7pm to 7am. The power demand of the lamps 
used in the carpark is usually 70W or 150W. 
6.7.2.3 Modelling approach 
Performing computational simulation demands realistic values for the boundary 
conditions. For validation purposes, the boundary conditions i.e., sun illuminance, sky 
condition and material reflectance of the shading devices and the room surfaces were 
assumed. Furthermore, for improving the accuracy of the assumptions, the values 
were arrived at by a trial process in which the principal process (i.e., running the 
simulation with some sets of possible values of boundary conditions and comparing 
the result to the field measurement result) was repeated until the comparison showed 
reasonable agreement. These final values were designated as the selected values. 
Moreover, for ensuring consistency, the selected values were employed in further 
simulations. One level of the flatted factory building was modeled as the rest of the 
six stories are repetitive in nature. The surrounding buildings are not considered as the 
built-up area is not dense and even the closest building erected is not taller than the 
case study itself. Based on Singapore’s geographical location and weather conditions, 
the appropriate sky illuminance model chosen is CIE overcast sky and the design sky 
illuminance was set to be 10,000 lux. The material reflectance for the walls and floors 
used in ECOTECT are assumed. 





6.7.3 Results and Discussion 
6.7.3.1 Validation Exercise  
Validation was carried out by comparing simulation results from the actual model 
with the results of field measurement at the night-time. The seventeen sampling 
points, 750mm from the floor, were chosen randomly. Figure 6.7 shows the locations 
of the seventeen sampling points. The measured illuminance and simulated results 
were analyzed by using statistical linear regression analysis. The analysis revealed 
that the Pearson correlation coefficient is very close to 1, which indicates that the field 
measurement data and the simulated ECOTECT data are normally distributed and 
there is a strong linear association between them. Figure 6.8 show the results of the 
linear regression analysis obtained by using the Microsoft Excel statistical program. 
The confidence level of 95% and the 0.05 level of significance for R2 and F-test is 
also conducted. Since R2 values tend to over-estimate the success of the model, it is 
best to examine the adjusted R2 values instead. The adjusted R2 value of 0.979 shows 
that the regression model can predict the results fairly accurately. The F statistic, 
which is an ANOVA test to analyse the variance also indicates that it is statistically 
significant. The significance value of F statistics of less than 0.05 means the model is 
generally considered statistically significant. Also, the Standard Error of Estimate 
value of 7.025 was less than the Standard Deviation of the site measurement result. 











Figure 6.7: Locations of the seventeen sampling points for validation exercise 
 
 
Figure 6.8: Linear regression analysis of measured vs simulated results 
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6.7.3.2 Base Case  
The first study acts as a base case for comparison of other simulated scenarios with 
different lighting designs (See Figure 6.9). These simulated studies are done with a 
simplified model to produce results quickly and easily. Ecotect was used to determine 
the level of illuminance produced by a combination of daylighting and electric 
lighting in the common areas. As shown by the validation process as well as with the 
field measurements results in Chapter 6, the simulated illuminance were in good 
agreement with the measured illuminance. The simulation results showed that the 
corridor areas along the perimeter of the flatted factory building that were directly 
exposed to daylight experienced illuminance ranging from 1000 lux to as high as 
10,000 lux. It was pointedly noticeable in both the measured as well as simulated 
results that the lift lobby area as well as corridors where minimum amount of daylight 
could reach are poorly lit. The illuminance levels of these problem areas in the day are 
found to be either often below or barely above the recommended illuminance levels. 
Although disuniformity of illuminance is more cost-efficient, this problem existing in 
the flatted factory should not be overlooked. One point to note is the improvements of 
illuminance levels in the night is not as crucial as there is rarely any 24-hour operated 
tenanted area. As such, the following simulation studies conducted are aimed at 
improving the visual performance of the targeted problem areas in the day. The use of 
lighting simulation software will also aid in predicting the better performance of one 










Figure 6.9: Simulation of base case 
 
6.7.4 Effect of lighting designs on visual performance 
 
Three different simulations were run using Ecotect software to determine the best 
combinations of natural and electrical lighting in the selected flatted factory building. 
 
6.7.3.3 ECM 6: Increase Artificial Lighting  
The main lighting issue incurred in the flatted factory building is the insufficient 
illuminance level in common areas where daylight cannot penetrate. Disuniformity in 





the illuminance level is another problem faced. In the first scenario, an attempt is 
made to improve the visual performance of the flatted factory by introducing more 
artificial lighting. From the screenshot of the base case in Figure 6.10, the current 
illuminance level in the area of concern ranged from 10 lux to less than 200 lux. After 
introducing seven more similar standard L18/10 T8 fluorescent lamps, a general 
improvement by 50 lux is achieved as clearly shown by the coloured contours 
representing overall light levels in Figure 6.11. It is also observed that the lighting 
distribution became more even and the sudden sharp drop in illuminance is 
minimized.  
 























Figure 6.11: AFTER Increase Artificial Lighting  
 
6.7.3.4 ECM 7: Suspended Artificial Lighting   
The second lighting design alternative explored lower mounting level of artificial 
lighting. Currently, the lamps are mounted at ceiling level, 3.76 metres from the floor. 
Apart from lighting fixture, the ceiling space also has to accommodate cable trays, 
tenants’ air-conditioning units and the fire sprinkler system which obstructs the 
distribution of light to the floor level. By suspending the artificial lighting below the 
building services at ceiling level, this problem can be mitigated. In this simulation 
case study, the artificial lighting specifications remain unchanged but are suspended 
0.76 metres from the ceiling. The results have shown an increase in the illuminance 
levels by approximately 50 lux and at the same time, the lighting distribution is 





slightly more uniform (See Figure 6.13). Alternatively, the artificial lighting can be 
mounted at a lower height at the side wall, so as the same result as suspending the 
artificial lighting can be achieved. In terms of lighting distribution, the best place for 
mounting the light in a corridor situation would be on the walls or the ceiling. Down 
lights that just light the floor can be very dramatic but in the case of corridor lighting, 
safety and the sense of security are more pertinent issues. Light on the walls and the 
ceiling will go much farther in producing a secure feeling space than light just on the 
floor. Light on the walls and ceiling will also reduce the contrast between the 
luminaire and its surroundings, reducing disability glare. 
 
Figure 6.12: BEFORE Suspended Artificial Lighting 
 
 










The simulation software, Ecotect, used has the ability to simulate daylighting as well 
as electric lighting to quite a degree of accuracy, as proven by the validation process. 
This is helpful as a design evaluation tool in the decision-making process. This tool 
analyses the effects of various lighting designs on visual performance, before actual 
implementation of the design decisions.  
 
The two lighting issues pertaining to the case study that are highlighted by the field 
measurements are low illuminance levels in areas where sunlight is unable to reach as 





well as disuniformity in the lighting distribution. These problems were further 
confirmed by the simulation modeling demonstrated by the base case study. As such, 
computer simulation is used to investigate the effect of various lighting designs on the 
luminous environment in common spaces of the flatted factory.  
 
To address the two pertinent concerns of the flatted factory building, solutions are 
explored using simulation case studies. The simulation results suggest that while 
adding artificial lighting can improve the illuminance level and lighting uniformity, it 
may not prove to be cost-effective in the long run. By suspending the lamps or 
lowering the mounting level, the illuminance levels is boosted by 50 lux generally. 
However, it has less effect to address lighting disuniformity issue.  
 
It is always important to recognize the limitations of any study of this type. The study 
was performed using the Ecotect simulation tool, and the results are only as accurate 
as the tool used to derive them. Ecotect simulations did compare reasonably well to 
measurements made in common spaces of flatted factory building, and results are 
consistent with those from other studies. Nevertheless, other studies comparing 
Ecotect simulations to measurements in real spaces have reported inaccuracies. For 
this reason, caution should be exercised when considering the absolute illuminance 
values arising from this study.  
 
Despite these limitations, however, this study does provide the building owner and 
designers with useful guidelines for considering how different lighting design options 
will affect the luminous environment experienced by the occupant. Compared to the 





prevailing situation, where such effects have never been studied in the flatted factory 
building, this is a step forward.  
 
6.8 ECM 8: Vertical Transportation 
It should be noted that lift energy management is largely left to the lift vendors who 
are the only people experienced enough with their own products to tune the lifts to 
their most efficient operating levels. Lift codes also prohibit building owner 
intervention in the existing lift control systems.  
 
Some of the factors that affect energy consumed in elevators are the type of lift drives, 
its mechanical designs and also the efficiency of various components, especially the 
motor and the gear-box for a geared system. The efficiency of the motor will have an 
impact on the overall efficiency of the system, usually depending on the motor's size. 
Hence, the motor is the major component through which all energy transfer processes 
will take place. It is also dependent on the level of usage, number of passengers and 
the number of journeys. Therefore it is recommended to consider these factors when 
selecting lifts for new installations or for retrofit reasons. 
 
The controllable part of existing elevator systems is the lighting load in the lifts. One 
of the ways of reducing the lighting energy consumption is to enable the elevator 
controls to turn off the lights and ventilation when the lift is not in active service. This 
energy saving feature where the lights and fans are automatically switched-off when 
not used for a fixed period of time will lessen the energy usage. The second way is to 
install more efficient lighting in the elevators.  
 





6.9 ECM 9: Transfer Pump Systems 
The transfer pump is located in the water pump room at ground level for the purpose 
of pumping water that comes in from the mains to the top of the building. The pumps 
are used to transfer water from the transfer water tank to the water storage tank on the 
rooftop of each block. These pumps are operated automatically based on the water 
level in the storage tank. The water is then supplied to the various levels by gravity 
flow. The typical pump load profile of the transfer water pumps of one of the flatted 
factory building is as shown below. The data is logged for every ten minutes over one 
week.  
 
Figure 6.14: Typical pump load profile of the transfer water pumps in flatted 
factory building 
 
From the load profile in Figure 6.14 and interview with building managers, it is found 
that the water pumps are used only intermittently to transfer water from the ground 
floor tank to the roof top tank, when water level in the storage tank dips below a 
certain level. When water level in the storage tank dips below a pre-set Low Level 
(LL), the transfer pump will cut in due to the signal sent by the Low Level Switches 
(Sensor) installed at the tank. Thus, the pump will automatically starts at constant 























































































speed to replenish the high level tank. When the water level reach to pre-set High 
Level (HL), the High Level Switches will send a signal to cut out the pump, thus the 
pump will stop till the water level reach to Low Level again.  
As the function of the pump is to replenish the water tank with fixed volume (volume 
between pre-set high level and pre-set low level is fixed). Therefore, installing 
variable speed drives (VSDs) which will reduce the instantaneous power demand will 
not help to save energy as the pumps will need to operate for longer periods of time to 
meet the demand for water. Variable speed drives (VSDs) are potential power savers 
but mostly for cases where there is substantial variation of flow. The greater the 
amount of operation at relatively less flow, the more cost-effective it is to efficiently 
provide flow control. As such, in the case of flatted factory building, installing VSDs 
will result in no significant energy savings in such constant torque application. In fact, 
a constant high speed pump (high rated power pump) with Start-Stop function is most 
suited to serve this purpose so that it will shorten the pumping period in order to meet 
the demand for water.  
 
However, installation of VSD will be useful if it is installed at water distribution 
pump where the load is varied. For instance, when low flushing is experienced (less 
people using the toilet), the pump will run at lower speed, hence less power 
consumption is required. When the load is high during peak hours, the pump is 
running at high/full speed with higher power consumption. This means that 
throughout the day, the peak is reached for short period of time during rush morning, 
noon and evening hours, hence energy saving is achieved for this function of water 
distribution pump that depends on varied load and demand. 
 





6.10 ECM 10: Vending Machines 
Vending machines are over-looked energy guzzlers which can consume a fair amount 
of energy, especially machines with refrigeration equipment like beverage machines. 
Most machines also have lights that operate continually.  
 
From the expert walkthrough, it is noticed that some flatted factories have beverage 
evending machines that cater to the convenience of the occupants. The energy 
performance of such vending machines can be improved by simply resetting the 
temperature of a beverage machine up by 1 or 2 degrees which would save 
compressor energy. The other energy saving measure is to put a timer on the lights so 
that they shut off when there is sufficient surrounding illuminance.  
 
Since the vending machines are owned (or leased) by a vending provider, both the 
facility manager and vending provider can agree on how to improve the energy usage 














In the light of rising energy cost and growing environmental concern, energy 
efficiency in industrial buildings has emerged as a performance indicator to be 
considered in the cost and environmental equation. While it is important to study the 
energy performance of non-process load in industrial buildings, the research work 
encompassing this area is limited, as compared to that on commercial buildings. This 
is even more so in Singapore. 
 
This chapter reviews the achievement of the research objectives set out in the 
beginning, summarizes the methodology undertaken as well as the major findings, 
and states the major recommendations arising from the analysis and interpretation of 
the research results. Based on the understanding attained in this study and the 
limitations in the scope of research, future directions for future work are identified.  
 
7.1 Review and Achievement of Research Objectives 
 
First objective  
To investigate factors affecting landlord’s energy consumption of industrial 
buildings, and the consumption patterns and characteristics of industrial buildings 
 
The literature review in Chapter 2 revealed a host of parameters that have an impact 
on the energy consumption in general applicable to tropical and temperate climates. In 





Singapore, the common spaces and amenities in flatted factory buildings may be 
considered a major resource base similar to that of an industrial process or support 
services. In addition, the scarcity of detailed information on work done in the tropics 
necessitated careful investigation applicable to the local context. With regards to the 
industrial buildings in Singapore, the energy usage patterns have been examined. 
These have been discussed in Chapters 4 and 5. This study has produced detailed 
work of the energy performance of flatted factory industrial buildings in Singapore 
based on a sample size of 58 representative buildings. All sampled buildings are 
considered high-rise flatted factories studied are sampled from 35 industrial estates 
spread across Singapore. The available data was sufficient for the development of 
meaningful energy benchmarks. In order for energy consumption in industrial 
buildings to be meaningfully compared, there is a need to normalise the surveyed data 
to a common base. Volume of landlord common area is found to be the best 
normalisation factor. As such, the energy use intensity (EUI) for the flatted factory 
buildings was established by normalizing the annual electricity consumption by the 
volume of landlord common area. From the findings, some distinctive energy 
consumption patterns were revealed and flatted factory buildings are classified 
accordingly to the EUI developed as shown in Chapter 4.  
 
Second objective  
To examine the energy performance of industrial buildings at whole building 
level and at systems level 
 
The development of the Industrial Building Energy Performance Benchmarking Tool 
at whole building level is completed and is ready for industry use. The reliability of 





energy benchmarks developed for flatted factory buildings was evaluated by using 
statistical measures such as the variance and the coefficient of variation. The low 
variance and CV value indicates high reliability of the benchmarking curve 
developed. This benchmarking system allows users and building owners to know the 
range of energy performance for industrial buildings and the positioning of his/her 
own building. Good, achievable and efficient target can then be set for future 
buildings as well as for management of existing buildings. The major inefficient 
buildings can be identified for upgrading and more detailed audit.  
 
At building systems level (micro level), detailed energy monitoring building systems 
are conducted to further understand the energy performance of industrial buildings. 
Lighting and lift systems, as well as pumps and mechanical ventilation are found to 
dominate the energy consumption in flatted factory buildings across all three classes. 
System performance metrics is also developed for future design of industrial 
buildings’ landlord area of similar type and nature. Following this, occupant 
perception survey, field measurements as well as expert walkthrough were conducted 
to further examine the building performance such as visual performance and 
environmental quality.  
 
Third objective  
To recommend & evaluate the effectiveness of energy conservation measures 
to improve the energy performance of industrial buildings 
 
Lastly, this study seeks to recommend improvements in the energy performance of 
industrial buildings. To have a deeper understanding of the energy performance of 





flatted factory building before making indicative recommendations on means by 
which the energy efficiency as well as building performance may be improved, field 
measurements, user perception survey as well as case study simulation have been 
carried out. Through objective measurements, comparison of the visual performance 
in flatted factory buildings was made against international standards to target the 
potential retrofit areas. The questionnaire and interview techniques were further used 
to assess the overall performance from the occupant’s point of view of the landlord 
common area in flatted factory buildings. The statistical results of the questionnaire 
survey were reconciled with the objective findings and the two were found to be in 
good agreement with each other. It was crystal clear that the visual performance of the 
flatted factory needed to be addressed. With the reconciliation of subjective and 
objective results, a list of areas identified as under-lighted safety situations is 
highlighted. In the case of a lighting upgrade, these areas should be rendered highest 
priority. Lighting simulation was conducted to examine lighting designs which can 
help address the pertinent concerns of the flatted factory building as highlighted in the 
objective and subjective measurements. Life cycle and cost analysis of the 
recommended lighting retrofit measures is also carried to. Specific recommendations 
and strategies, that can either be implemented individually or in conjunction with each 
other, include:  
 
a. Setting targets for improvements by comparing their building’s 
performance to a reliable standard or benchmark of similar building type; 
 
b. Frequently track equipment performance. Some equipment data should be 
looked at daily. Tracking methods may include manual logging of data 





from use of hand-held instruments and portable dataloggers, permanently 
installed monitoring/metering equipment; 
 
 
c. Ensure that there is a balance between occupant satisfaction and energy 
use; 
 
d. Effectiveness of post occupancy evaluation to prevent building 
deterioration; 
 
e. Adequate maintenance of lighting systems and upkeep of building façade 
can help improve visual performance;  
 
f. Proper consideration of building design at the onset can lead to fewer 
building performance problems which arise due to inappropriate design; 
 
g. Constantly review operation and maintenance strategies and procedures to 
reduce trouble-shooting costs; 
 
h. Tailoring and effectively implementing sound energy management plan; 
 
i. Prudent choice of building facade materials to maximize performance of 
building systems; 
 





j. Proper catering of space for contingent addition of building services (e.g. 
ductwork); 
 
k. Incorporation of daylighting at design stage can lead to tremendous energy 
savings; 
 
l. Electric lighting and daylighting computer simulations give useful 
information about the distribution of lighting in spaces prior to 
construction; 
 
m. Ceilings & walls should also have a highly reflective (>70%) white 
surfaces to help diffuse a maximum amount of daylight into the common 
space; 
 
n. Building owner or managers can require service contracts that support 
energy-efficient building operation; 
 
o. Review and monitor any other on/off controls such as programmable time 
clock settings, integral equipment controls, lighting photocells, and 
occupancy sensors for proper operation; 
 
p. Recommend energy-efficient equipment upgrades for further investigation 
of costs and benefits from time to time; 
 






Taken overall, the aims of the thesis have all been achieved. The research have made 
significant contribution, not only in providing energy yardsticks by which building 
owners can benchmarked against, but also in identifying the pertinent factors 
influencing the non-process energy performance of industrial buildings in the tropics. 
Also, a deeper understanding of the energy performance was achieved through 
detailed monitoring. More significantly, areas where energy performance can be 
improved were identified through energy monitoring, objective and subjective 
evaluation techniques. A case study simulation and life cycle cost analysis were also 
conducted to evaluate recommended measures to improve the visual performance. 
Furthermore, it has led to the identification of several research directions for the 
future.  
 
7.3 Future Directions 
A number of future directions have been identified as a result of this research work 
and these can be carried over for further study. 
 
An interesting area of future study relates to the benchmark data set that can be made 
more robust and reliable by using advanced benchmarking techniques such as 
simulation model-based benchmarking calculates benchmarks based on an idealized 
model of building or equipment and system performance, such as DOE-2. Economic 
comparisons can also be included in benchmarking tools such as rate schedules (e.g 
peak demand).   
 





Modeling techniques used to identify the key energy parameters is yet another 
important area that warrants attention. Traditional statistical approaches and 
techniques may not be the most appropriate ones to be utilized. For example, multiple 
regression analysis that is frequently used to establish the normalization factors 
assumes a linear relationship between the variables analyzed. As a result, non-linear 
relationships between independent and dependent variables have been overlooked. 
Non-linear analytical and modeling techniques are required to investigate other 
parameters which may have an impact on energy consumption.  
 
In this project, findings were normalized; estimates for their associated energy savings 
and costs to implement were recommended. Additional research projects may be 
developed to look into the implementation of the energy saving measures after 
selecting the desired ones. Owner should have facility personnel implement all the 
measures within their capability and hire outside contractors to install the rest. Total 
energy savings for the facility can be verified by comparing the post-retro 
commissioning utility bills with bills for the same months before the study. The 
monthly usage figure can be normalized to account for variations in the length of 
billing cycles to allow fair and accurate comparison. 
  
This energy benchmark study focused on non-process load of industrial building. 
Future studies can exploit the use of various benchmarking approaches for evaluating 
industrial energy use in various sectors such as petroleum refining or food-processing 
industries in the tropical context. The opportunities for reducing energy intensity in 
these other industries are too large to ignore.  
 





A critical component of survey research involves constructing a questionnaire. 
Methods for eliciting occupant perception accurately need to be explored and fine-
tuned. The questionnaire used in this study was kept very short and straightforward to 
garner better response rate. It is acknowledged that a comprehensive set of 
questionnaire would enable a more thorough analysis of the occupant perceptions of 
building performance across a wide spectrum of parameters in building assessment. 
However, there are also some inherent drawbacks that should be noted. A lengthy 
questionnaire might cause respondents to lose interest and patience before completing 
the survey. Also, if the questionnaire becomes overly technical, it may be beyond the 
respondents' capabilities to answer the questions accurately. 
 
To further encourage facility managers to set target and work towards improving 
energy efficiency by effectively employing the resources, a Building Labeling 
Program can be launched for industrial buildings. This program should aim to grant 
recognition for industrial building energy efficiency best practices in Singapore. This 
new tool will help businesses cut costs by promoting energy efficiency in the 
workplace. Such a label will create value for buildings. The label can be displayed 
prominently in the buildings. This will signify lower operating energy costs and 











Akbari, H. and Sezgen, O., (1992). Analysis of Energy Use in Building Services of 
the Industrial Sector in California: Two Case Studies. Energy and Buildings. 
19(2), 133-141.  
 
ASHRAE (2002). Measurement of Energy and Demand Savings. ASHRAE Guideline 
14-2002. Atlanta, GA: American Society of Heating, Refrigerating and Air-
Conditioning Engineers, Inc.  
ASME (1998). Test Uncertainty: Instruments and Apparatus. ASME Standard PTC 
19.1-98. New York, NY: American Society of Mechanical Engineers.  
Balaras, C.A. (1994). A Guide for Energy Conservation in Office Buildings. Athens: 
Central Institution for Energy Efficiency Education, University of Athens, 
Commission of the European Communities, SAVE Programme. 
Bezdek, J.C. (1981). Pattern Recognition with Fuzzy Objective Function Algorithms. 
New York: Plenum Press. 
 
Birtles, A. B. (1997). Energy Efficiency of Buildings: Simple Appraisal Method. 
Building Services Engineering Research and Technology, 18(2), 109-114. 
 
Bodine, F.J. and Vitullo, M. (1980). Industrial Energy Use Data Book, Report No. 
ORAU-160, Oak Ridge Assoc. Univ., Oak Ridge, TN. 
 
Boyd, G. (2003). Two Approaches for Measuring the Efficiency Gap Between 
Average and Best Practice Energy Use: The LIEF Model 2.0 and the Energy 
Star Performance Indicator. ACEEE 2003 Summer Study on Energy- 
Efficiency in Industry. 
 
Brieman, L., J. Friedman, R. Olshen, and C. Stone. (1984). Classification and 
Regression Trees. Belmont, Ca.: Wadsworth Inc. 
 
Brown, H.L., B. B. Hamel and B. A. Hedman. (1985). Energy Analysis of 108 
Industrial Processes. Atlanta, Ga.: Fairmont Press 
 
Camp, R.C. (1989). Benchmarking: The Search for Industry Best Practice that Leads 
to Superior Performance. Milwaukee: ASQC Quality Press. 
 
Chia, Y.L.. (2003). Energy performance of hotel buildings in Singapore. Unpublished 
master’s thesis, Department of Building, National University of Singapore. 
 
Chia, Y.L. & Lee, S.E. (2005). Benchmarking Industrial Building Energy 
Performance, Proceedings of 2005 ACEEE Summer Study on Energy 







Chiogioji, M. H. (1979). Industrial Energy Conservation. New York: M. Dekker. 
 
Chiu, S. (1994). Fuzzy Model Identification Based on Cluster Estimation. Journal of 
Intelligent & Fuzzy Systems, 2(3), 267-278. 
 
CIBSE, (2004). Energy efficiency in buildings: CIBSE guide F. London: CIBSE. 
  
Cole, R.J. (1998) Emerging trends in building environmental assessment methods, 
Building Research & Information, 26(1), 3-16. 
 
Deng, S.M. (2002). Energy and water uses and their performance explanatory 
indicators in hotels in Hong Kong, Energy and Buildings, 35(8), 775-784. 
 
Dieck, R.H. (1992). Measurement Uncertainty, Methods and Application. Research 
Triangle Park, NC: Instrument Society of America.  
Energy Information Administration (EIA). (1995) Commercial Buildings Energy 
Consumption and Expenditures 1992. DOE/EIA-0318(92). Washington D.C. 
 
Eto, J.H. (1990). An Investigation of the Use of Prototypes. Proceedings of the 
ACEEE 1994 Summer Study on Energy Efficiency in Buildings (10): 29-37. 
 
Federspiel, C., Zhang, Q. and Arens, E. (2002). Model-Based Benchmarking with 
Application to Laboratory Buildings. Energy and Buildings, 34(3), 203-214. 
 
Filippin, C. (2000). Benchmarking the energy efficiency and greenhouse gases 
emissions of school buildings in central Argentina. Building and Environment, 
35(5), 407-414. 
 
Galasiu, A.D. and Atif, M.R. (2002). Applicability of daylighting computer modeling 
in real case studies: comparison between measured and simulated daylight 
availability and lighting consumption. Building and Environment, 37(4), 363-
377. 
 
Heijden, F. van der, (2004). Classification, parameter estimation, and state 
estimation: an engineering approach using MATLAB. Chichester, West 
Sussex, Eng.; Hoboken, NJ: Wiley. 
 
Helms, R.N. and Belcher, M.C. (1991). Lighting for Energy Efficient Luminous 
Environments, Prentice-Hall, New Jersey. 
 
Hensen JLM, Nakahara N. (2001). Building and environmental performance 
simulation:current state and future issues. Journal of Building and 
Environment. 36(6) 671-672. 
 
Hicks, T., Dutrow, E., 2001. Energy Performance Benchmarking for Manufacturing 
Plants. ACEEE 2001 Summer Study on Energy-Efficiency in Industry. 
 







Hu, D.S. (1983). Handbook of Industrial Energy Conservation. New York: Van 
Nostrand Reinhold Company Inc. 
 
IETEC, Industrial Energy Conservation Technology, Proc. Conference and 
Exhibition, April 15-18, 1984, Texas Economic Development Commission 
and Public Utility Commission of Texas, Austin, TX, 1984. 
 
Industry, Science and Resources. (2000). Energy efficiency best practice in the 
Australian aluminium industry. Commonwealth of Australia: Canberra.  
 
IPMVP (2002). Concepts and Options for Determining Energy and Water Savings. 
Volume I. International Performance Measurement and Verification Protocol, 
DOE/GO-102002-1554. Washington D.C.: U.S. Department of Energy. 
www.ipmvp.org . (Accessed April 18, 2006.)  
ISO (1995). Guide to the Expression of Uncertainty in Measurement. Geneva, 
Switzerland: International Organization for Standardization.  
Kok, P.A.M.; Kitchenham, B.A.; Kirakowski, J. (1990). The MERMAID Approach to 
software cost estimation. Brussels: Kluner Academic Press, 296-314. 
 
Lam, J.C. and Chan, A.L.S. (1994). Characteristics of electricity consumption in 
commercial buildings, Building Research and Information, 22(6), 313-318.  
 
Lee, S.E. et al. (2000). An integrated building environmental assessment method 
using total building approach. Research Project No: RP 972051, National 
University of Singapore, School of Design and Environment.  
 
Leslie, R.P. (2003). Capturing the daylight dividend in buildings: Why and how?, 
Building and Environment, 33, 793-803.  
 
Lindsey, J. (1991). Applied illiminating engineering. Lilburn, GA : Fairmont Press ; 
Englewood Cliffs, NJ.  
 
Lovins, A. et al. (1999). Natural Capitalism. Little, Brown and Company: USA.  
 
Meckler, M. (ed.), (1984). Retrofitting of Commercial, Institutional and Industrial 
Buildings for Energy Conservation. New York: Van Nostrand Reinhold 
Company Inc. 
 
Miller, C. and Weaver, C. (1982). Aggregation Scheme, Statistical Data, and 
Preliminary End-Use Characterizations for California Manufacturing 
Industries, a Report to the California Energy Commission by Energy and 
Resource Consultants Inc., Boulder, CO. 
 
National Environment Agency.(1991-2002). Meteorological Services Division, 
Changi Airport, National Environment Agency, Singapore, Weather data of 







NEEC. (2006). http://www.nccc.gov.sg/aboutnccc/report.shtm 
 
 
Natural Resources Canada (NRCan). (2002). Energy Performance Indicator Report: 
Fluid Milk Plants. Natural Resources. Canada: Ottawa.  
 
NIST (1994). Guidelines for Evaluating and Expressing the Uncertainty of NIST 
Measurement Results. NIST Technical Note 1297, Gaithersburg, MD: 
National Institute for Standards and Technology.  
Persson, E. and Kuusisto, D. (1998). A Performance Comparison of Electronic vs. 
Magnetic Ballast for Powering Gas-Discharge UV Lamps, Presented at 
RadTech ‘98, Chicago. 
 
Phylipsen et al (2002). Benchmarking the energy efficiency of Dutch industry, Energy 
Policy, 30(4), 663–679. 
 
Rao, K. R. (1987). Solar Insolation of Buildings and its Control in Equatorial Climate, 
Collected Papers on Building Science -Vol II, National University of 
Singapore. 
Reay, D. A. (1979). Industrial Energy Conservation, New York: Pergamon Press Inc. 
 
Reddy, T. A., N. F. Saman, D. E. Claridge, J. S. Haberl, W. D. Turner, and A. T. 
Chalifoux, (1997) Baselining Methodology for Facility-Level Monthly Energy 
Use – Part 1: Theoretical Aspects, ASHRAE Transactions, 103(2), 336-347. 
 
Rush, R.D.  (1986). The Building Systems Integration Handbook. USA: Butterworth 
Architecture. 
 
Santamouris, M., et al, (1996). Energy conservation and retrofitting potential in 
Hellenic hotels, Energy and Buildings, 24(1), 65-75. 
 
Santamouris, M.  (ed), (2005). Energy Performance of Residential Buildings. London 
James and James Science Publishers. 
 
Santamouris, G. Mihalakakou, P. Patargias, Ν. Gaitani, K. Sfakianaki,  M. 
Papaglastra, C. Pavlou, P. Doukas, E. Primikiri, V. Geros, M.N. 
Assimakopoulos,  R. Mitoula and S. Zerefos (2006). Using intelligent 
clustering techniques to classify the energy performance of school buildings.  
Energy and Buildings, In Press,. 
 
Sartor, D., M.A. Piette, and W. Tschudi, (2000). Strategies for Energy Benchmarking 
in Cleanrooms and Laboratory-Type Facilities.  Proceedings of the 2000 
ACEEE Summer Study on Energy Efficiency in Buildings. American Council 







L. Schroeder, D. Sjoquist, and P. Stephan. (1986). Understanding Regression 
Analysis: An Introductory Guide. No 57. In Series: Quantitative Applications 
in the Social Sciences, USA: Sage Publications. 
 
Sharp, T., 1996, Energy Benchmarking in Commercial Office Buildings, Proceedings 
of the ACEEE 1996 Summer Study on Energy Efficiency in Buildings, 4, 321-
329. 
 
Singapore Department of Statistics, (2005), Yearbook of Statistics Singapore, 2005. 
Republic of Singapore: Ministry of Trade & Industry. 
 
Sonderegger, R. (1998). Baseline Calculations for Measurement and Verification of 
Energy and Demand Savings, ASHRAE Transactions, 104(2). 
 
Stammers, J. (1993). Energy efficiency in building: energy appraisal of existing 
buildings - a handbook for surveyors. Surveyors Holdings Ltd: London.  
 
Sullivan, R., E. S. Lee, and S. Selkowitz. (1992), Impact Assessment and 
Performance Targets for Lighting and Envelope Systems, LBL-33075, 
Lawrence Berkeley National Laboratory, Berkeley, CA. 
 
Tan, W. (2001). Practical Research Methods. Singapore: Prentice Hall 
 
Wolter, K.M. (1985). Introduction to variance estimation. New York: Springer- 
Verlag. 
  
Wong, N.H.,  Feriadi, H.,  Lim, P.Y.,  Tham, K.W.,  Sekhar, C. and Cheong, K.W. 
(2002). Thermal comfort evaluation of naturally ventilated public housing in 
Singapore, Building and Environment. 37(12), 1267 – 1277.  
 
Zmeureanu, R., Hanna, Z., Fazio, P. and Silverio, J., (1994). Energy Performance of 













TEM 1 True Energy Meter with Pulse Output for Data Logger 
 
 
The TEM1 multiplies Current and Voltage instantaneously which results to Real 
Power and totalizes this to Pulses, which represent True Energy. Power Factor and 
Form Factor (for non-sinusoid curves) are automatically taken into account by this 
method.  
 
Accuracy is higher than required by the standard IEC 1036 for electrical billing 
meters. 
Accuracy of the current clamp is 2 % of full scale, selectable to 0-30A, 0-100A and  
0-300A.Higher current values will be measured with a current clamp for 600A. 
 
Voltage measurement and analog processing has accuracy of 0.3 %, the digital 
multiplying, totalizing and data logging by pulse count has not failures possible. 
 
The TEM1 uses the new true power chip ADE 7757 from Analog Devices Inc., 
released in October 2002, which has 2 analog/digital converters integrated with 12 bit 
resolution for voltage and current signals. It multiplies both digitally to obtain true 
real rms power values, which are then totalized (digitally counted-up), to energy 
pulses. For detailed information see website www.analog.com, selecting ADE7757. 
Each pulse will be indicated by a green LED for measurement and a yellow LED for 
calibration respectively. 
 
A connected Data Logger sums-up these pulses during selectable time periods of e.g. 
10 min., allowing to collect 4000 samples (55 days at 10min periods). Retrieval from 
data logger is possible in graph form with indicated time scale containing date and 
time, as well as in spreadsheet form with up to 4000 lines, for further calculation to 
obtain sums of energy per day or else and to calculate real power, averaged over the 
sampling period of e.g. 10min..  
 
Good experiences were made with LASCAR data logger type EL-2 (8bit resolution), 
available through Farnell. This data logger is small; battery supplied and can clipped-
on to the TEM1. Easy-to-use software allows to preset the data logger to different 
sample periods, e.g. 10min for measuring and 20s for calibration.  
 
The data logger has a digital display which shows the sum of pulses from the previous 
sampling period. It can be reset to start by pushing a button or at a given date and 
time, which is convenient for starting many data loggers with TEMS at the same time, 
when attached to many energy users in a building or plant. 
 
Although this data logger has a resolution of 8 bits, so can store up to 255 pulses per 






TEM1 is continuously totalizating, the lower bits are not lost but added to the next 
period counts. Therefore the resolution after 2 periods is 9bit, after 3 periods is 10bit 
and so on. If the period is selected to 10min, the resolution of this short period is 8bit 
(255 pulses max.), but for the whole day of 24 hours is 36720 pulses max., 
representing a very high resolution. 
 




The TEM1 multiplies Current and Voltage instantaneously which results to Real 
Power and totalizes this to Pulses, which represent True Energy. A Data Logger will 
be connected to TEM1 for sampling the pulse counts. 
 
It sums-up these pulses during selectable time periods of e.g. 10 min., allowing to 
collect 4000 samples (55 days at 10min periods). Retrieval from data logger is 
possible in graph form with indicated time scale containing date and time, as well as 
in spreadsheet form with up to 4000 lines, for further calculation to obtain sums of 
energy per day or else and to calculate real power, averaged over the sampling period 
of e.g. 10min.. 
 
For calibration, the sampling period will be shortened from 10 min. to 20 s to save 
time. 
The TEM1 will be switched to calibration mode to generate more pulses per time unit 
and the data logger set to 20s sampling time. A micro trimmer with 13 turns allows 
trimming the voltage influence and therefore the power calculated.  
 
Accurate and stable voltage of 230VAC rms shall be supplied. But to avoid the 
inaccuracy of the current clamp, it will be removed and a voltage of 1 VAC rms, in 
phase with the 230V voltage, will be supplied to the TEM current signal input jacks. 
Then the trimmer will be adjusted, until the pulse count during 20s results in 246 
pulses.  
 
When switched-back to measuring mode and 10 min. sampling time, each of the 
maximal 255 pulses (8 bit resolution) represent: 50.067 Wh at 300A range / or 16.689 
Wh at 100A range / or 5.007 Wh at 30 A range. 
 
The current range selection does not need to be calibrated because they are made of 
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Instruction for Calibration of True Energy Meter TEM1 with Datalogger EL2 
 
1) Signals for calibration: 
 
.1) An AC signal of 230V rms, 50Hz, with good sinusoid curve form and stable over    
      a period of 10min to 30min, load 15 mA max. 
 
.2) A second AC signal of 1 V rms, 50Hz, with good sinusoid curve form, totally in   
      phase with first signal of 230V, stable over a period of 10min to 30min, load  
     1 mA max. 
 
2) Connections and Settings: 
 
          .1) The 230V signal shall be supplied to the voltage probe connectors of the TEM1,   
               Neutral to the blue and Life to the red connector of the cables. 
 
          .2) The 1V signal shall be supplied to the current measuring input jacks. These are    
               the 2 plug input to the TEM1, which will be available after removing the  
              Current Clamp from the TEM1. The polarity is meaningless. 
 
          .3) The current range selector on the TEM1 shall be switched to 100A. 
 
          .4) The mode switch on the TEM1 shall be set to Calibrate, that is to the right  
               position as shown on the figure above. 
 
3) How to measure the Energy: 
 
         .1) The principal method of measuring the energy is to count the energy pulses  
              from the TEM1 over a fixed period of time. This period should be shorter for  
             calibration than for normal measurement in order to save time at calibration. 
             This method is similar to calibrating normal mechanical electrical meters. 
 
         .2) For counting-up the pulses the Datalogger EL-2 can preferably be used. The  
              pulse output connector of the TEM1 will then be plugged to the EL-2. 
 
          .3) The Datalogger EL-2 has to be preset by a PC with the software EL-Win to: 
 
             .1) Count mode, 
             .2) Sampling period of 20s, 
             .3) Starting by push the button to start.  
                  After this there are 22 hours available for calibration or else until the 
Datalogger is  







                      Because the datalogger EL-2 is battery-supplied, the battery should be 
checked for sufficient  







4) Calibration Procedure: 
 
          .1) After all connections made as listed above, the data logger will be started by  
               pushing its button located under its LCD display. The display will change  
               indicating from  ----  to 0 . 
 
          .2) After 20s sampling time, the data logger will display the figure, which 
represents  
               the number of pulses it has summed-up during the previous sampling period. 
               It continues to sampling for the next period of 20s and displays then the result of  
               the new period. The figures displayed will be around 245 and maximal 255. 
 
          .3) To change the count figure of around 245, the Calibration Trimmer in the  
               middle of the TEM1 (see figure above) have to be turned by a small screw  
               driver of 2mm width. Turning to right (clock-wise) will increase the count  
               number, to left will decrease. The Calibration Trimmer allows 13 turns max.. 
           
         .4) The count number to calibrate to as the goal can be freely selected. The energy  
              value per pulse when switched to measuring mode will have a calculated value,  
              related to the calibrated count figure. 
              However it is recommended to calibrate to the count figure of 246, which uses  
              The facilities optimally. Then the energy per pulse in measuring mode is,  
              depending on the selected current range:   
 
 300A current range :  0.050′067′3 kWh (≈  50. 1 Wh)  
 100A current range :  0.016′689′1 kWh (≈  16.7 Wh)  
               30A current range :  0.005′006′7 kWh (≈  5.0 Wh), all for a single-phase system. 
 
             For the bigger clamp (TEMA), energy per pulse value is as follows:(according to 
characteristics of bigger clamp, times the Wh/Pulse of small clamp with 9.93).  
 
             3000A current range: 0.497’168’3 kWh (≈ 497. 2 Wh) 
             1000A current range: 0.165’722’7 kWh (≈ 165.7 Wh) 
               300A current range: 0.049’716’5 kWh (≈ 49.7 Wh)  
 
        .5) Fine tuning of calibration is possible by using more than one sampling period  
             of 5s each. The fine tuning will require, that several periods in sequence all show  
             the same count sum, e.g. 246 as preferred. If 3 subsequent periods will show the  
             same figure 246, then the sum during 3 x 5s will be 3 x 246, which is 3-times  
             more accurate than if only one period will show the figure 246. The reason is,  
             that although the datalogger can store figures up to 8bit length, i.e. 255 only, the  
             resolution of the TEM1 is much higher. The higher resolution will be made use  
             of by extending the total sampling time to several periods of the datalogger,  







5) Accuracies required 
 
           Inaccuracies occur in the analog parts only, the digital part is fully accurate. 
           The analog parts excluding the current clamp will be fully dependent on the  
           accuracy of the calibrator devices, mainly the accuracy pf the 2 AC signals and its  
           stability over the sampling periods. The inaccuracies of the calibrator signals,  
           curve form and synchronized phase shall not exceed the value of 0.1 %.  
 
 





 NATIONAL UNIVERSITY OF SINGAPORE 
Energy Sustainability Unit, Department of Building, School of Design and Environment 
 OCCUPANT SATISFACTION SURVEY  
GENERAL                 
          Please tick the relevant boxes. 







          Male           under 40 years           Day shift 
          Female           40 - 55 years           Night shift 
          over 55 years           Both shifts 
4. How long have you been working 
    in this building? 
  years  
LIGHTING PERFORMANCE               
















If not, kindly state the problems encountered. 




























END OF SURVEY 
~ Thank you for your time ~ 
 
 






Fuzzy c-means clustering 
Cluster analysis is a method where homogenous groups of objects are formed by their 
characteristics. Clustering algorithms divide up a data set into clusters, where similar data 
objects are assigned to the same cluster and dissimilar data objects to different clusters. 
Clustering techniques can be applied to data that is quantitative (numerical), qualitative 
(categoric), or a mixture of both. 
 
The data in each subset share some common trait - often proximity according to some 
defined distance measure. One of the common distance function is the Euclidean distance 
is the distance between two points that is measured with a ruler, which can be proven by 
repeated application of the Pythagorean theorem. 
 
Different classifications can be related to the algorithmic approach of the clustering 
techniques. Clustering algorithm can be categorised as being partitioning or hierarchical. 
Hierarchical algorithms finds successive clusters using previously clusters, whereas 
partitioning algorithms determine all clusters at once. In this case, the partioning 
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1 for al j = 1, …., n 
where 
2
jiij vxd −=  is the squared Euclidean distance between data vector ix  and 
cluster center jv ; iju  ∈  [0,1] is the degree of membership of  ix  in the cluster j; m is the 
so-called fuzzifier, and a typical choice for this parameter is m = 2 . 
 
Fuzzy clustering is widely used in biology, computing and psychology. However, there 
are not many attempts to adopt this classification method in building energy studies. 
 
